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SYNOPSIS

High-power proton accelerators have various apiiiina such as accelerator-
driven systems (ADS), spallation neutron sourcet-generation radioactive ion
beam facilities, neutrino factories etc. Acceleratoven systems have the capability
to incinerate MA (minor actinides) and LLFP (longed fission products) radiotoxic
waste and can also utilize thorium as nuclear fusd produce energy without
producing much long lived radioactive wastes. Tiki®f particular interest to India
due to the possibility of utilization of the vashdrium resources in our country for
nuclear power production. The ADS consists of acstibal reactor that is driven by
an external neutron source produced by a high-p@s@on beam hitting a high
material and producing neutrons by spallation. dbeelerator for ADS is required to
deliver proton beam of up to 10 - 30 MW power aperate in the CW mode with
high-intensity beams. In India, it is planned thia¢ development of the 1 GeV
accelerator for ADS will be pursued in three phasesnely, 20 MeV, 100 MeV and
1 GeV. One of the most challenging parts of su€@Waproton accelerator is the low-
energy injector, typically up to 10-20 MeV, becaube space-charge effects are
maximal at lower energies for high current beamsrter to understand these effects,
in the first stage, a low energy high-intensity tproaccelerator (LEHIPA) is being
built in BARC, India as the front end injector teetLinac for ADS. This system will
consist of an ECR ion source that will deliver a &/ proton beam followed a
3 MeV RFQ and an Alvarez Drift Tube Linac to accate the beam from 3 to
20 MeV. The Low Energy Beam Transport (LEBT) and Medium Energy Beam
Transport (MEBT) lines are used to transport antcinthe beam from the ion source
to the RFQ and from the RFQ to the DTL respectively

This thesis is based on the results of the desdgvelopment and
characterization of LEBT systems and the physicggtlestudies for high intensity
proton linac. The work in this thesis is focusedteo main parts: (i) the detailed

simulation studies for the LEBT line for LEHIPA andeasurements made on a



LEBT test bench with helium, deuteron and protoanbe and (ii) Design studies for a
30 mA, 1 GeV proton linac. The thesis is organigesix chapters. In the first chapter,
a brief introduction on the high intensity protamalc is presented. It discusses about
the possible acceleration configurations for arebszator for ADS, the design issues
for such accelerators and a review of other higanisity accelerator projects in the
world.

Chapter 2 discusses the design and developmehediEHIPA LEBT. The
LEBT system is used to transport and match the bieam the ion source into the
RFQ with minimum emittance growth and loss of beanrent. With this criterion, a
magnetic LEBT line using two solenoids for focugsemd matching the beam has
been designed to match a 50 keV, 30 mA proton bieam ECR ion source to the
RFQ. The LEBT is about 3m long and its functionslude beam focusing and
steering at the RFQ match point, dc beam curreagrdisis and beam profile
measurement through CCD monitors. The LEBT alsoahaster-cooled collimator
and an electron trap at the RFQ entrance. Simuktisere also done using the
analytical KV beam envelope equations to compaeerésults from the code. The
results were found to be similar. The beam to &esjported through the LEBT is a 30
mA, 50 keV proton beam. Space charge effects ast sgwere for such high currents
at low energies leading to increase in beam sizeesmittance. In the LEBT, space
charge compensation facilitates the transport gh hturrent beams and reduces
emittance growth due to space charge forces. Sgarge compensation is done by
introducing a residual gas in the LEBT at low puess Due to ionization of the
residual gas atoms, electrons and slow ions aegertenside the beam. The slow ions
are repelled radially outward from the beam while electrons are trapped by the
beam potential and remain in the beam. So theteféespace charge of the beam is
gradually reduced until it reaches a stationaryrele@f compensation. Simulations
were also carried out to study the effects of spd@@ge compensation in the LEBT
which show that sithe degree of space charge compensation increhsesansverse

beam sizes as well as the emittances come down.



Based on the beam dynamics simulations, the twensals for LEHIPA were
designed for a maximum peak field 3.5 kG and eiffectength of 30 cm. The
solenoid design was done in POISSON. A 3 cm tharke enade of magnetic material
is used to increase the magnetic field of the siteby providing a low resistance
path to the magnetic flux lines, with a lower vakfecurrent in the solenoid coils.
Based on this design the solenoids were fabricatetl tested. The results were in
good agreement with the simulations.

The beam coming from the ion source contaipSafd H* ions in addition to
the H ions. There are also electrons trapped in the bdaento space charge
compensation in the LEBT. All these have to be nezdobefore entering the RFQ.
The K" and H' ions, having a greater momentum than proton aflecused by the
solenoids and hence can be cut off by putting Bneator just before RFQ entrance.
In addition, an electron trap is needed to pretkatelectrons from the neutralized
beam to enter the RFQ. The electron trap is awitly a negative 1-2 kV potential
placed at the entrance of the RFQ through whictbden passes. The potential from
this ring prevents low-energy plasma electrons frgomg through it, but not the
protons at 50 keV. This electron trap for LEHIPAshmeen designed for a potential of
-1.5 kV in POISSON. A magnetic steerer has alsanhaesigned for steering the
50 keV proton beam into the RFQ. The requiremerieam steering af3 cm in
horizontal and vertical directions from the axisloé beamline at a distance of 75 cm
from the entrance of the steering magnet. The istgenagnet has been designed
using POISSON.

Characterization of beams through a LEBT test besattip at BARC has been
discussed in Chapter 3 of the thesis. A 400 keMAldeuteron RFQ has been built at
BARC to be used as a neutron generator. The aatetesystem consists of a rf ion
source, a 400 keV RFQ and a low energy beam trankpe to match the beam from
the ion source to the RFQ. This LEBT has been desigusing 2 solenoids for
focusing the beanBased on the simulations, a LEBT test bench wagysat Van de
Graaff Laboratory to validate the simulations. Ttest bench consisted of an
Alphatross ion source, Einzel lens, acceleratingetand 2 solenoids. There were



2 Faraday cups and 2 BPM’s in the line to meadueebeam current and size. The
LEBT test bench is shown in Fig.1. H&" and H beam have been extracted from
the ion source and accelerated to 50 keV usingith&ccelerating tube. This 50 keV
beam is then focused with the help of the 2 sot&noi the LEBT line. Experiments
to measure the beam emittance of the beams irnndeaising solenoid scan method
and slit wire method were done. In the solenoidnso®ethod, the beam size is
measured as a function of the solenoid field. TMSRransverse emittance was then
calculated by a least square fitting of the squdiréhe beamsize as a function of the
solenoid focusing strength which turns out to beparabola. The emittance
measurement setup for the slit wire method congitsiovable slits of 0.35 mm
width and movable thin wire of 0.05 mm diametere @patial beam distribution is
scanned by the slit while the angular distributisnscanned by the wire scanner
located at a distance of 140 mm downstream taendme. A 1um precision linear
motion mechanism is provided for the slit and witdders. The beam emittances in
both the transverse directions are measured imaltsineously using this setup. The
measured emittances were found to be well withenatceptance of the RFQ and the
LEBT line was coupled to the RFQ." ldnd B* beams were transported through the
LEBT and matched to the RFQ. These beams have aemessfully accelerated by
the RFQ.

Fig.1. LEBT Test bench.



In Chapter 4, the detailed design studies for aeY @roton linac have been
presented. The high-power linac essentially comg&itlow-energy, the intermediate-
energy and the high-energy sections. The low-ensegption consists of a high-
intensity ion source that delivers beams of fewstehkeV energy. Almost all linacs
being designed today use the radio-frequency qpate(RFQ) to accelerate the high
current beam from the ion source to a few MeV bearargy. The intermediate-
energy structures accelerate the beam to abouMENQ These are usually normal-
conducting drift-tube Linac structures (DTL, SDTLCCDTL). However,
superconducting structures, like spoke type resosand half wave resonators, are
also being contemplated especially for CW beamse high energy structures
accelerate the beams from few hundred MeV to Gedfgees. At these energies,
superconducting RF technology seems to be thedpdisin in order to design a cost-
effective machine in terms of both capital and apenal costs and superconducting
multicell elliptical cavities are used for accelera in this energy range.

An accelerator configuration for a 1 GeV, 30 mAakinhas been worked out
and the physics design studies have been donetai. dehe main design criterions
for such a linac are:

* Low beam loss (<1 Watt/m) to allow hands-on-maiatexe of the entire linac

* Low emittance increase

* Minimize halo formation

For this, the following design philosophy was a@at

* Maintaining thetransverse and longitudinal phase advances perlemgth
constant at all transitions between the structui@sprovide a current
independent match into the next structure. For tinés quadrupole gradients
and accelerating electric fields are varied betwiberstructures.

* Matching the transverse and longitudinal phase espat the end of one
structure to the acceptance of the next structyreding carefully designed

transport lines.



» Keeping the zero current phase advance per peasipdn(all the planes below
90 degrees. This is done to avoid envelope ingalwhich causes emittance
increase and beam loss.
The design studies involved choice and optimizatmhn various accelerating
structures and the beam dynamics studies throughlitlac. The designed linac
consists of a 50 keV ion source, a four-vane 3 MRAdio Frequency Quadrupole
(RFQ), Drift Tube Linac (DTL) upto 40 MeV, Cavityddpled DTL (CCDTL) upto
100 MeV and 5 cell Superconducting elliptical cedtto accelerate the beam to 1
GeV. The RFQ and DTL operate at 352.21 MHz and the CCR@Rd SC Linac
operate at the second harmonic frequency at 70MH2. A FFDD lattice is used in
the DTL while FD lattice is used in the CCDTL farmmsverse focusing. The SC
cavities are designed to perform over the giveonaigt range and are identified by a
design velocity called the geometric velocitye. This design approach takes
advantage of the large velocity acceptance of thgergonducting cavities. The
superconducting linac accelerates the beam usirgg tdifferent types of 5-cell
elliptical cavities designed corresponding to getiméeta value§s = 0.49, 0.62 and
0.80. The transverse focusing is achieved by usiogn temperature electromagnetic
guadrupole doublets in between the cryomodulesaaung the superconducting
cavities. The total length of the designed acceberis about 380 m and the overall
transmission is about 96%. The 4% loss takes pla¢dQ during bunching of the
beam which is not expected to pose any radiatioblpm. The variation of maximum
beam size with energy is shown in Fig. 2. The aperis 10-12 times the rms beam
size in the normal conducting linac and more th@rirhes the rms beam size in the

superconducting linac where the risk of activatiole to beam loss is more.
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Fig.2. Variation of beam size with energy in thedg.

Superconducting structures offer several advantages normal conducting
structures particularly for CW operation due toywéyw RF losses in the cavity.
Hence, in view of advances in the superconductauipriology and new structures
being developed for use in the medium energy raihldes been planned to go for
superconducting structures right after the RFQtlher 1 GeV linac for ADS. Two
types of structures are now being considered amraptfor acceleration after the
RFQ: the HWR at 162.5 MHz and the SSR at 325 MH#hBhese cavities are TEM
class coaxial half wave structures. While in th# hwave resonator the inner spoke
conductor is along the axis of the cavity, in tpelse resonator, it is perpendicular to
it. The 3D electromagnetic designs for these stmest have been done using CST
Microwave Studio. The main design criterion forgég structures is to minimize the
peak surface electric and magnetic fields. Theltesf these studies are discussed in
Chapter 5 of the thesis.

Chapter 6 summarizes the present work in the thésmlso discusses the
future scope of work in the vast field of high @nt accelerator design.
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CHAPTER 1

| ntroduction

1.1 Introduction

High-power proton accelerators have various apiiiina such as accelerator-
driven systems (ADS), spallation neutron sourcet-generation radioactive ion
beam facilities, neutrino factories etc. In parfaecy accelerator driven systems [1]
have evoked considerable interest in the nucleanuanity around the world because
of their capability to incinerate the MA (minor sutles) and LLFP (long-lived
fission products) radiotoxic waste and utilizat@mrhorium as an alternative nuclear
fuel. In the Indian context, due to our vast thorivesources, ADS is particularly
important as one of the potential routes for ace&del thorium utilization and the
closure of the fuel cycle [2]The ADS consists of a subcritical reactor thadisen
by an external neutron source produced by a higtepproton beam produced in an
accelerator striking on a high material and producing neutrons by spallation. The
accelerator for ADS is required to deliver protaaim of up to 10 - 30 MW power
and operate in the CW mode with high-intensity be&am

While many efforts are on around the world for depeng high energy and
high current proton accelerators for ADS, at présensuch linac is yet operating
anywhere in the world. Since the linac is for AD@plkcations, the CW mode of
operation is essential in order to prevent therstabcks to the target which is
undesirable. There is no experience worldwide ikingaand operating proton linacs
in CW mode at 1 GeV, which makes the design of AES linac particularly
challenging.
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1.2 Accelerator driven systems

With increasing population and industrializatidme £nergy requirement in the
world including that from electricity generation rapidly growing. Most energy
requirements today are met by burning fossil fusd &ydroelectricity generation.
Nuclear power appears to be an attractive optiorclzan electricity generation and
presently constitutes about 17% of the total elegiower generation in the world.
Presently, fission chain reaction is the only wanpwn to harness nuclear energy,
while the naturally occurring uranium and the maadm plutonium are the two key
elements that are serving as nuclear .féedcelerator Driven Systems offer an
attractive option of utilization of Thorium as alteanative nuclear fuel in addition to
their capability to incinerate the MA (minor acties) and LLFP (long-lived fission
products) radiotoxic waste.

In an ADS system, a high-energy proton beam frona@elerator strikes a
high Z element (e.g.; Pb, W, U, Th etc..) targeiclhyields copious neutrons by
spallation reaction. Around 20-30 neutrons are peed per incident proton. These
neutrons are then used to drive a sub criticaltoeand produce power which is used
for generation of electricity. An important paraeretn the ADS design is the
spallation ratio i.e. number of neutrons produced@W spent or number of neutrons
per incident charged particle on the target. Thallaton ratio increases with the
proton energy above 100 MeV and saturates at ar@uGeV as can be seen from
Fig.1.1. Hence the optimum energy of the acceleratd GeV because beyond that

there is very little increase in the no. of neugrper unit beam power.
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Fig.1.1: Variation of n/sec per unit incident bepawer with proton beam energy.

The thermal power output from an ADS reactor iegiby

V. k
P MW) = E... ( Me -
thermal( ) flSSIOr( \0 ( A v 1_k
Where,

Esission IS the energy released per fission, | is the prdwam current)s is the number
of spallation neutrons released from the spallatézget per incident protom,is the

number of neutrons released per fission and kaseffective neutron multiplication
factor.

Then, for

Proton Energy = 1 GeW; = 25 neutrons/protonw, = 2.5 neutrons/fission

Piherma = 1500 MW (for 500 MW electrical) and k=0.95, thesaln current
requirement, calculated from the relation, comeistolbe ~ 44 mA. Thus the beam

current requirement from the proton acceleratorf ibe order of tens of mA.
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Fig 1.2: Schematic of an ADS system.

The schematic of an ADS system is shown in Fig. Th2 major sub-systems
of ADS are:
1. High power proton accelerator - 1 GeV energy, t#mA beam current.
2. Spallation target — Made of heavy element (Pb, WRkJBi eutectic...).
3. Sub-critical Reactor core — A fast neutron systdrarmal neutron system or a

combination of fast and thermal neutron systems.

For accelerator driven systems it is necessarythi@tccelerator is reliable,
rugged and stable with very low number of beanriof@ions, which could affect the
lifetime of key components such as windows, reaptots and structure, as well as

the ADS operation.
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1.3 Accelerator for ADS

Linacs and Cyclotrons were the two options congideor the accelerator
subsystem of the ADS in the beginning. A cyclotrbgsts intrinsic design operates
in CW mode and is compact and cheaper to build,idlimited by the maximum
proton current that it can accelerate which is anfiew mAs where as the required
beam current is a order of magnitude higher. Liracshe other hand can accelerate
higher beam currents to high energy. Hence the lopion is now being considered
worldwide.

The accelerator for ADS must meet the followinguiegments [3]:

* The accelerator must deliver 1 GeV energy protanbef current ~10 mA.

* Robust and reliable for round the year uninterrdptgperation i.e, its
availability~100%.

* Operational with minimum beam loss in acceleratbanmel for limiting
activation of components and their hands-on maarnee. (Beam loss~1
nA/m of particle trajectory).

» Have high (electrical) conversion efficiency fronaims to beam power.

A typical ~1 GeV proton linac in MW average powange consists of three main

sections:

1.3.1 Low energy section

The kinetic energy of the particles from an i@urge is about a few tens of
keV. These particles are accelerated by a pre-@atel, which can be either a
Cockcroft-Walton or Radio Frequency Quadrupole (RkGac. The former has been
in use for many years and has a maximum energypaiitar50 keV. Almost in all
laboratories it has now been replaced by the RAgGwis a common choice for low
energy accelerators. This is because an RE§) [gan accelerate beams to energies of
few MeVs with much smaller physical size. It cacegmt dc beam and bunch it with

very high efficiency (>90%) eliminating the need #m external buncher where the
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bunching efficiency is very low. The RFQ simultansly bunches, focuses and
accelerates the beams using RF fields and maintpgood beam quality of the high

intensity beam at the same time.

1.3.2 Medium Energy section

Intermediate-velocity structures accelerate beaabout 100-200 MeV in the
range [ ~ 0.1 to 0.5. These structures are usually nogoatucting drift-tube linac
structures (DTL, SDTL, CCDTL). However, supercontilug structures, as spoke
type resonators, are being contemplated esped@llZW beams. At low energies,
the Alvarez DTL is the widely used structure. Tkeenventional Alvarez type DTL
structure is however expensive to build due its large dimensions and the
accurate alignment required for mounting the dultes. The magnets inside the drift
tubes for focusing at the low energy end of the GaFé difficult to make because of
the smaller drift tube lengths at these energiesvéver, for a high-intensity linac
where beam optics has to be smooth, the choickeotdnventional Alvarez DTL is
unavoidable at low energy because of its shortdimguperiods. When the beam
energy exceeds a few tens of MeV, the foqugieriod can become longer, and
alternative structures like CCDTL, SDTL etc can bensidered [6]. Different
alternatives to the DTL have been developed, bling on the principle of separating
the focusing from the RF structure, with the qupdtes placed between the
accelerating tanks. Some of these structures baised on TE mode operation like
the IH-DTL [7] and CH-DTL [8], which provide aidh shunt impedance, but
require relatively long tanks and unconverdloleam optics solutions that are
difficult to apply for high intensity operation ud to the longer focusing periods.
Other structures are based on theyjdM mode for operation, using shorter DTL
tanks containing drift tubes of smaller diaenetith quadrupoles placed between
the tanks. Since these structures do not have rmaggide the drift tubes, the drift
tubes can be smaller resulting in higher shunt aapees. But they also have
increased losses due to a higher number of cawidyvealls, thus arriving at similar

shunt impedance values to conventional DTL. Sonamgies are Separated DTL
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(SDTL) where the accelerating tanks are delemufsom each other, and of Cell-
Coupled DTL (CCDTL) when the tanks are coupledjetber via coupling cells,
forming a single resonator. The CCDTL was oritiindeveloped at Los Alamos at
a frequency of 805 MHz [9].

1.3.3 High energy section
High-velocity structures accelerate beam from famdred MeV upto GeV

energies and consist of normal-conducting coupéadtg linac structures (CCL) or of
superconducting cavities that offer some advantagesh as higher gradient
capabilities and lower operation costs. The CCansestablished technology and has
been used in most of the existing linacs (e.g.mHab, Los Alamos National
Laboratory, Brookhaven National Laboratory, etdhe highest energy, using this
technology, reaches 800 MeV at LANSCE [10] at Ldandos. However, the recent
times, projects like SNS [11] are using SC linactfee advantages that it offers. SC
linacs have been proved reliable and efficient lacteon machines (e.g., LEP and
CEBAF). However, employing it for proton machinasstill a challenge due to the
varying p values of the proton beam at these energies. Qmmpaith a room
temperature linac, an SC linac has the followingaathges:

1. Higher accelerating gradient.

2. Larger aperture (which is particularly important Fagh intensity beams).

3. Lower operation cost.

4. Lower capital cost if higher energy is required.

1.4. Technical challenges

The most-challenging engineering task for high-eairicw normal-conducting
accelerators is thermal management. Large amoysaweér is dissipated on the walls
and other internal surfaces of normal conductingctiires that are significantly
increased by CW operation and high acceleratindignés. If not cooled, the cavity

can get detuned and the RF power will be deflebmtk. The cooling demands for
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precision resonance control in the cavity typicalgquire cavity temperature
regulation to 0.1 °C or better.

Another important concern in building such high-gowlinacs is the
minimization of beam losses (typically less thanAYm of particle trajectory), which
could limit the availability and maintainability dhe linac and various subsystems
due to excessive activation of the machine. A chrbbam dynamics design is
therefore needed to avoid the formation of bearo tredt would finally be lost in the
linac or in transfer lines.

Though a high acceleration gradient is desiredroeioto reduce the linac
length, the longitudinal beam dynamic issues, togretvith the need of limiting the
power transferred by the coupler to the high cur(@ans of mA) beam and the CW
RF cryogenic losses, make it challenging to achiegker gradients.

1.5. High Power Accelerator development Programmes:

I nter national scenario

Most of the existing operating proton linacs argedtors for large
synchrotrons, and are short pulse, low-duty-fastaachines with relatively low
average beam current and power. The major exceitmee LANSCE linac at Los
Alamos, an 800 MeV accelerator that can deliveawrage beam power exceeding 1
MW, with a peak current of about 20 mA, a duty ¢mcbf up to 10%, and
macropulses 0.5-1.0 ms long. There are a numbdigbf intensity proton sources
operating at various laboratories over the worlde BNS at the Oak Ridge National
Laboratory in the U.S is a linac-based spallatieatron source. The SNS SC cavities
have been designed using maximum accelerating egrdupto 24.4 MV/m. The
design beam energy is 1 GeV, beam power 1.4 MW.Hurepean Spallation Source
(ESS) [12] specifies a 1.33 GeV H- linac delivermmgeam power of up to 5 MW in 2
ms pulses, with a peak current of about 100 mA.hHigwer linacs for tritium
production were designed in the USA and Francéén1990s. The linac designed at

Los Alamos for the Accelerator Production of TntiAPT) project was initially a
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100 mA CW, 1700 MeV accelerator consisting of awaiéz-type drift tube linac
(DTL) up to 200 MeV, followed by a LANSCE-style sidoupled linac to the full
beam energy. However, with advances in SC lindwgogy, the final design for the
APT accelerator [13], assumed a SC linac from 2Me¥/ to 1030 MeV, with the
NC technology applied only to the low-energy settaf the linac. The SC-cavity
design gradient was 5 MV/m, which allowed a muabrsdr machine than the original
all-NC design, as well as one that was electricalignificantly more efficient.
However, as a result of recent progress in SCtielipcavity performance, resulting
from better niobium material and improved surfaceppration techniques, cavity
accelerating gradients of more than 10 -15 MV/m ocaw be assumed, with Q
values of better than 1 x 0

European R&D for ADS design and fuel developmentdiszen by the
EUROTRANS Programme [14]. In EUROTRANS, two ADS idesroutes are
followed, the XT-ADS and the EFIT. The XT-ADS is diigned to provide the
experimental demonstration of transmutation. ThéTEEhe European Facility for
Industrial Transmutation, aims at a conceptual giesaf a full transmuter. The
proposed reference design for the XADS (Experimehtaelerator driven System)
accelerator (600 MeV, 6 mA) consists of a protgector (ECR source + normal
conducting RFQ structure) followed by normal cortthg IH-DTL or/and
superconducting CH-DTL up to a transition energyrfrwhere on a fully modular
superconducting linac brings the beam up to thal #mergy [15]. For MYRRHA, an
ADS demonstration project in Belgium, a 600 MeV)5 2nA linac is under
development [16].

JAERI at Japan has been proposing the Neutron &ciProject [17] which
aims at the construction of the world’s most powkespallation neutron source and
related research facility complex to enhance basiences and ADS development.
The JHF at KEK/JAERI is a synchrotron-based facilit has a 400 MeV NC linac, a
600 MeV SC linac to boost the energy from 400 Me\V600 MeV, a 3 GeV rapid
cycling synchrotron with a beam power of 1 MW, aad50 GeV slow ramp

synchrotron with a beam power of 0.75 MW. The mdjacilities would be a
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superconducting proton linac, a 5-MW target statadlowing neutron pulses for
neutron scattering research, and research fasilite ADS experiments, neutron
physics, materials irradiation, and Spallation eadtive ion (RI) beam production for
exotic nuclei science. Japanese ADS applicatiorgrprame is named OMEGA
(Option Making Extra Gains of Actinides and FP)isTis conversion of their critical

reactor project Actinides Burner Reactor (ABR) iAiDS. The 600 MeV linac will be

used for R&D to drive the ADS facility.

Korea Atomic Energy Research Institute (KAERI) wagolved in a project
named KOMAC (Korea Multi-purpose Accelerator Comxp|&8]. The final objective
of KOMAC is to build a 20-MW (1 GeV, 20 mA) cw puot linear accelerator. A
100 MeV proton accelerator project has been takeasuPEFP (proton engineering
frontier project). The goal of the first phase bé tproject is to develop a high duty
cycle 20 MeV accelerator.

In China, a multipurpose verification system asirat fphase of their ADS
programme consists of a low energy accelerator (IBY¥, 3 mA proton LINAC).
China Institute of Atomic Energy (CIAE), Institutd High Energy Physics (IHEP)
and Institute of Heavy lon Physics in Peking Unsvigr (PKUIHIP) are jointly
carrying on the R/D of the proposed acceleratom&dr&D, such as ECR high
current ion source development, RFQ design ancht#agy study, superconducting
cavity study, conceptual design of 150 MeV, 3 mAtpn LINAC, preliminary
design of 1 GeV, 20 mA LINAC and intense beam ptg/biave started. [19]

In Russia, ITEP is pursuing a programme for expenital demonstration of
ADS (XADS) [20]. This hybrid electronuclear facjliof moderate power integrates
the pulse proton linac (36 MeV, 0.5 mA) and sulzalt blanket assembly (heat
power of 100 kW). The 36 MeV proton linac ISTRA-@@h the average current of
500 pA will be used as a driver. It will deliver protdream pulses of 100 mA of
220 ps duration with a repetition rate of 25 pps Thedirconsists of the 82 keV
injector, 3 MeV, 150 MHz RFQ, 10 MeV, 300 MHz DTL4ection, LEBT , a
36 MeV, 300 MHz DTL-2 section and HEBT.

23



Prototypes of 100% duty proton injectors with owtpurrent > 100 mA have
been successfully tested at Los Alamos (LEDA) ahNdRS/CEA (IPHI) collaboration
[21,22]. Both injectors employ microwave-driven isaurces of similar design, and
both use solenoid lenses in the low-energy beansp@t to the RFQ, with nearly
complete space-charge neutralization from trappkstirens. Measured output
emittance values are about 0.2 mm-mrad at 100 ni&. DEDA injector operating
voltage is 100 kV, while the IPHI injector voltage80 kV.

1.6 Accelerator development for Indian ADS Programme
In 2000, an ADS Coordination Committee at BARC, idth by

Dr.S.S.Kapoor studied various scientific and tedbgical issues connected with
development and application of ADS systems in thentry and prepared a report
thereon [23]. It is planned that the developmenthefl GeV accelerator for ADS will
be pursued in three phases, namely, 20 MeV, 100vgd0and 1 GeV. Phase | is the
development of a 30 mA, 20 MeV room temperaturadinPhase II, which is the
development of the medium energy linac up to eesrgif 100-200 MeV could be
normal conducting or superconducting dependinghenprogress of superconducting
technology for structures in this energy rangesTghase has now been modified, in
view of good progress in development of structuiles the superconducting spoke
resonators. It is now planned to go for supercotwdgdinac right after the RFQ at
3 MeV. The third phase, which is the developmenth& high energy linac upto
1 GeV is superconducting based on multicell eltigticavities. The road map of the

Indian ADS programme is shown in Fig. 1.4.
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Fig. 1.3: Roadmap for Indian ADS Programme.

One of the most challenging parts of such a CWapraiccelerator is the low-
energy injector, typically up to 10-20 MeV, becaube space-charge effects are
maximal at lower energies. With this challenge ingna low energy (20 MeV) high
intensity (30 mA) proton accelerator (LEHIPA) isifg built at BARC [24] as a
front-end injector for the 1 GeV linac for ADS. Theajor components of LEHIPA
are a 50 keV ECR ion source, a 3 MeV RFQ and a 2V @TL. The Low Energy
Beam Transport (LEBT) and Medium Energy Beam TrartspMEBT) lines will
transport and match the beam from the ion sourdeddRFQ and from the RFQ to
the DTL respectively/ The layout of LEHIPA is shownFig.1.4.
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Fig. 1.4: Layout of LEHIPA.

For the next phase, an accelerator configuratioa fb GeV, 30 mA linac with
normal conducting structures in the medium eneggy, inas been worked out and the
physics design studies have been done in detajl [R&onsists of a 50 keV ion
source [26], 4 vane 3 MeV Radio Frequency QuadrugBIFQ), Drift Tube Linac
(DTL) upto 40 MeV, Cavity Coupled DTL (CCDTL) uptdO0 MeV and 5 cell
Superconducting elliptical cavities to accelerabe tbeam to 1 GeV. Another
configuration using superconducting structures Bkeke resonators at intermediate
energies is being worked out.

This linac will have various applications at di#fet stages. The ECR ion
source can be used for ion-implantation. The RF@ (MeV, >10 mA cw) can be
used for: (i) Boron neutron-capture therapy (BNC(li), Neutron radiography, and
(iif) Detection of mines and explosives. The DTLO(®eV) can be used for: (i)
Medical radioisotope production, (i) Small scalansmutation experiments, (iii)
intense neutron (with Be, Li targets) source fosidn reactor material testing. At

100 MeV and above the proton beam can be usediBpRduction.
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1.7 Outline of thethesis

This thesis is based on the results of the destgvelopment and
characterization of LEBT systems and the physicggtlestudies for high intensity
proton linac. The work in this thesis is focusedtao main parts: (i) the detailed
simulation studies for the LEBT line for LEHIPA andeasurements made on a
LEBT test bench with helium, deuteron and protoanbe and (ii) Design studies for a
30 mA, 1 GeV proton linac. The thesis is organizedix chapters. In this chapter, a
brief introduction on the high intensity protondmis presented. It discusses about the
possible acceleration configurations for an aceéterfor ADS, the design issues for
such accelerators and a review of other high imeascelerator projects in the world.

Chapter 2 discusses the design and developmehediEHIPA LEBT. The
LEBT system is used to transport and match the bieam the ion source into the
RFQ with minimum emittance growth and loss of beanrent. With this criterion, a
magnetic LEBT line using two solenoids for focugsemd matching the beam has
been designed to match a 50 keV, 30 mA proton bieam ECR ion source to the
RFQ. The beam to be transported through the LEBT38 mA, 50 keV proton beam.
Space charge effects are most severe for suchchigénts at low energies leading to
increase in beam size and emittance. In the LEBBce charge compensation
facilitates the transport of high current beams eettlices emittance growth due to
space charge forces. Simulations were also caougdo study the effects of space
charge compensation in the LEBT which show thath@&sdegree of space charge
compensation increases, the transverse beam szeglhas the emittances come
down. Based on the beam dynamics simulationswhesblenoids for LEHIPA were
designed for a maximum peak field 3.5 kG and eiffeciength of 30 cm. Based on
this design the solenoids were fabricated and desi&e results were in good
agreement with the simulations. An electron trapeeded at the end of the LEBT to
prevent the electrons from the neutralized beamnter the RFQ. This electron trap
for LEHIPA has been designed for a potential 05-#V in POISSON. A magnetic
steerer has also been designed for steering tke\B@roton beam into the RFQ.
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Characterization of beams through a LEBT test besaettip at BARC has been
discussed in Chapter 3 of the thesis. A 400 keMAldeuteron RFQ has been built at
BARC to be used as a neutron generator. The aatetesystem consists of a rf ion
source, a 400 keV RFQ and a low energy beam trankpe to match the beam from
the ion source to the RFQ. This LEBT has been desigusing 2 solenoids for
focusing the beanBased on the simulations, a LEBT test bench wagysat Van de
Graaff Laboratory to validate the simulations.”"H®" and H beam have been
extracted from the ion source and accelerated ke%0using the dc accelerating tube.
This 50 keV beam is then focused with the helphef2 solenoids in the LEBT line.
Experiments to measure the beam emittance of tam$eén the line using solenoid
scan method and slit wire method were done.

In Chapter 4, the detailed design studies for ae¥Y @roton linac have been
presented. The low-energy section of the linac ists1®f a high-intensity ion source
that delivers beams of few tens of keV energy. Atradl linacs being designed today
use the radio-frequency quadrupole (RFQ) to aca&ldhe high current beam from
the ion source to a few MeV beam energy. The inteliate-energy structures
accelerate the beam to about 100 MeV. These ar@lyiswormal-conducting drift-
tube Linac structures (DTL, SDTL, CCDTL). Howevsyperconducting structures,
like spoke type resonators and half wave resonatues also being contemplated
especially for CW beams. The high energy structaceelerate the beams from few
hundred MeV to GeV energies. At these energiesersopducting RF technology
seems to be the best option in order to designs&eaftective machine in terms of
both capital and operational costs and supercomduotulticell elliptical cavities are
used for acceleration in this energy range. An lacatr configuration for a 1 GeV,
30 mA linac has been worked out and the physicggdedudies have been done in
detail. The design studies involved choice and optimizatbwarious accelerating
structures and the beam dynamics studies througglnidc.

Superconducting structures offer several advantages normal conducting
structures particularly for CW operation due towéw RF losses in the cavity.

Hence, in view of advances in the superconducteuipriology and new structures
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being developed for use in the medium energy raildes been planned to go for
superconducting structures right after the RFQtlher 1 GeV linac for ADS. Two
types of structures are now being considered amraptfor acceleration after the
RFQ: the HWR at 162.5 MHz and the SSR at 325 MH#hBhese cavities are TEM
class coaxial half wave structures. While in th# hwave resonator the inner spoke
conductor is along the axis of the cavity, in tpelse resonator, it is perpendicular to
it. The 3 D electromagnetic designs for these sires have been done using CST
Microwave Studio. The main design criterion forgég structures is to minimize the
peak surface electric and magnetic fields. Theltesf these studies are discussed in
Chapter 5 of the thesis.

Chapter 6 summarizes the present work in the thésmlso discusses the
future scope of work in the vast field of high @nt accelerator design.
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CHAPTER 2

Design of the Low Energy Beam Transport line
for LEHIPA

2.1 Introduction

A 20 MeV, 30 mA proton linac is being built at BAR&S a front end injector
to the proton linac for ADS [24]. This linac wilbasist of an ECR ion source which
will provide 30 mA proton beam at 50 keV. This be&nhen accelerated to 3 MeV
using a four vane RFQ and further to 20 MeV usingAdvarez DTL. The two
transport lines, Low Energy Beam Transport (LEBTd adledium Energy Beam
Transport (MEBT) will be used to match and transploe beam from the ion source
to the RFQ and from the RFQ to the DTL respectivalile beam quality and
transmission through the RFQ is very sensitiveh® lbteam parameters at its input.
Also beam quality degradation is initiated maintythe low energy sections of the
linacs and later manifests itself in the form o&imehalos at high energies. So careful
studies in matching the beam from the ion sourcegh® RFQ is required for
minimizing emittance growth and avoiding beam Halonation, which is the major
cause of beam loss. The LEBT also includes usefgindstics for the beam from the

ion source.

2.2 Design I ssues

The main design criterion in the Low Energy BearanBport (LEBT) system
is to transport and match the beam from the iomcsointo the RFQ with minimum
emittance growth and loss of beam current. The IHRHLEBT has been designed to
match the 30 mA, 50 keV, CW proton beam from the source to the RFQ. The
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beam in the LEBT is a low energy, high current beéAmthese energies, for such
high currents, the space charge forces, which laeefdrces due to the coulomb
repulsion between the particles, are very strorfges€ forces are highly non-linear
and can lead to rapid increase in emittance anthlmzae. For this reason, a short
length of the beam transport line is desirable. e\mv, a short line does not leave
much space for accommodating diagnostics for ontioaitoring of the beam which

is desirable for high space charge beams. Thusppep choice has to be made
between these conflicting requirements.

Two types of LEBTs are generally used to match libams from the ion
source into the RFQs — electrostatic [27] and mixgf28,29]. Einzel lenses are used
for focusing the beam in an electrostatic LEBT. ciestatic focusing is more
efficient than magnetic focusing at low energies #nallows for a more compact
LEBT. However, the use of high voltages in eledatts LEBT can cause voltage
breakdown. Magnetic focusing, on the other hangyires much larger space but it
allows space charge compensation which facilitéites transport of space charge
dominated beams in the LEBT. For space charge casapien, a gas is introduced in
the LEBT line. The beam ionizes this gas produ@legtrons and ions. The electrons
generated by the background gas ionization hawelger velocity and get trapped in
the beam thereby reducing the effect of the sphaege forces. The ions are repelled
by the positive potential of the proton beam towatide beam pipe. The magnetic
forces in a magnetic LEBT have little effect on tbher velocity electrons allowing
high space charge compensation. A magnetic LEBTS thallows space charge
compensation for dc and long pulse beams. The samet possible using electric
forces in an electrostatic LEBT which are veloditgependent. Besides, the Einzel
lenses that are used in electrostatic LEBTs indsioeng aberrations that lead to
emittance growth. Finally, as the beam in the edstatic LEBT is not space charge
compensated, the beam size and divergence increadesbeam current. Hence
operation of electrostatic LEBTs with high beamreats (for currents of tens of mA)
is difficult as it will lead to increase in beam ance and beam loss. Magnetic
LEBT is then the best choice for high current bedms long pulse and CW
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operations. For short pulse operations, an eldetiod EBT is generally preferred.
For LEHIPA, due to CW operation and beam current8 mA, it is not possible to
use a compact electrostatic LEBT. The LEHIPA LEBSS libeen designed using two
solenoids for focusing and matching the beam frieenidon source to the RFQ.

2.3 LEBT Design

2.3.1 Computer codes

Many computer codes are available to study the béyamamics of space charge
dominated beams. Generally two types of codes aed dor beam dynamics
simulations in accelerators and transport linescelpe tracking codes and PIC
(Particle-in-cell) codes.

2.3.1.1 Envelope codes

These codes follow the evolution of the beam thhoagseries of beam
transport elements represented by their matricdee 3pace charge forces are
incorporated as externally applied defocusing fer€nly linear space charge forces
are considered. For this, the beam is assumedvi® dainiform charge distribution.
Although in real life, the beams are not uniforinhas been shown that, for beams
with ellipsoidal symmetry, the evolution of the rnieam envelope is nearly
independent of the density profile and depends onlyhe linearized part of the self
forces. Consequently, for calculation purposes,réad beam may be replaced by an
equivalent uniform beam having identical rms préper [30,31]. Codes like
TRANSPORT [32], TRACE2D and TRACES3D [33] are basedthis method.

2.3.1.2 PIC codes

These codes are based on the Particle-in-cell defffeey can compute space
charge induced emittance growth effects by trackiveybeam particles. The beam
distribution evolves with time and non linear spatearge forces are taken into
account for calculation of emittance growth. Themudation is done with

macroparticles, each of which representsta@. @ real beam particles. In this method,
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at each step a mesh is superimposed on the buhehndmber of particles in each
cell is counted, and the smoothed space-charges faoting on each patrticle is
obtained by summing the fields from the chargesach cell. These forces are
applied to deliver a momentum impulse to each gartiThese calculations can be
time consuming and the time required for the caliboih depends both on the number
of macroparticles and the mesh. PARMTEQM [34], TRAB5], TRACEWIN [36]
and GPT [37] are some of the codes that use thihadefor beam dynamics
calculations.

All these codes can simulate the effects of spd@@ge compensation by
reducing the effective current in the LEBT depegdam the degree of space charge
compensation. For more realistic beam transportulsiions of space charge
compensation, it is necessary to use a self-ce@msisbde that can simulate the beam
interactions with the gas (ionization, neutraliaati scattering) and the beam line
elements along with the dynamics of main beam amal gecondary particles.
Examples of such codes are WARP [38] or SOLMAXH.[39

TRANSPORT, TRACE 2D, TRACE 3D and TraceWin haverbesed for the
design of LEHIPA LEBT.

2.3.2 Solenoid focusing

Solenoids are often used for focusing the low enbeams in magnetic LEBT
systems [40]. Solenoids are preferred over quadegspbecause they are more
efficient at lower energies and they focus in bibid transverse directions with lesser
aberrations. Solenoid focusing results from theranttion between the azimuthal
velocity component induced in the entrance fringédfregion and the longitudinal
magnetic-field component in the central region. dnsolenoid, the longitudinal
magnetic field on the axis is maximum at the ceatrd decreases toward the ends
approaching zero far away from the solenoid. Atehds of the solenoids, there is a
radial component of the magnetic field. Here, thsrean interaction between the
radial field component of the magnetic field and Hxial velocity component of the

beam, producing an azimuthal acceleration. In th&y the particle acquires the
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azimuthal velocity component in the entrance frifigl region In the central region,
particles traveling parallel to the field are ueated, but those with an azimuthal
velocity component will experience a force caudimgm to describe an orbit that is
helical in space, and circular when viewed fromehd of the solenoid. The net effect
is a deflection toward the axis, independent ofgbatate or transit directigAl].
When a charged particle enters from the field-fregian to the region of
uniform magnetic field in a solenoid, it starts twtg with the Larmour frequency,
which equals half the cyclotron frequency in thefaim magnetic field [42]. The
particle’s trajectory as it comes out of the soldns rotated by an angle about the
axis of the solenoid given by
Where q is the charge of the partidial.sois the longitudinal field integral along the

axis of the solenoid and pyBmc is the mechanical momentum of the patrticle.

2.3.3 Beam Dynamics

The computer codes TRACE2D and TRANSPORT were @gean initial
design of the LEBT for a 50 keV, 30 mA DC'Heam. The LEBT was used to
transport the phase space ellipse at the exit efidh source and match it to the
acceptance of the RFQ. The beam from the ion sauasematched to the RFQ match
point using TRACEZ2D to get a mismatch factor ofozerx and y. This matching was
done using 2 solenoids and 3 drift spaces.

The RFQ match point [43as calculated usingrRACEZ2D. The matched
ellipse parameters at the shaper were calculatezbbsidering the first two cells of
the shaper section. This ellipse was then bacledralbrough the 8 cell long radial
matching section to obtain the matched ellips@datieginning of the radial matching
section. This is shown in Fig. 2.1. The Twiss patars at the RFQ match point are

o = ay= 1.8,

B

By: 6.43 cm/rad.

34



a= 1.880 b= COE39 h = 300 o= —1.719 | b= 0199 h
o= 1837 b= 0u844G h smiti= 7749 7740

emito=_ 7749 T.49
o= |.BER b= o843 h W= a.0s50 0.350

hg  ne walle
1 1 B.0497
1 Z B.097
3 2 4423
4 2 Q.000
1 3 -£.0%7
1 4 Ca00
1 5 200
100 mm 2 000 mrad 1 g 500 100 mm 2 3000 mmod
1 7 o0
a= 1.859 b= COE4E v a= 1718 | b= 0199 v
o= 1.882 b= roga0 v
o= &7 b= 00443 v My
NS i
;\5 X
K
10.8 mm x IGO0 mrod 10.0 mm x 300.0 mrad
xmm=_0.0011,_ymm=_0.011
.0 mm

________________

Fig.2.1: Beam trajectory through the radial matghsection of the RFQ.

The ion source used in LEHIPA is an ECR based sowith a five electrode
system for beam extraction [26]. The Twiss paramsetd the entrance of the last
electrode of the ion source, obtained from thesioarce design, are as follows:

o, =0,= -1.8

B, = By: 24.77 cm/rad

for an emittance of 0.62cm mrad.

TraceWin code was used for designing the LEHIPA TEBTraceWin
includes both the envelope matching as well asPi@ subroutine PARTRAN for
beam matching. Initially the beam was matched utiegenvelope matching method
using two solenoids. The schematic of the LEBThisven in Fig 2.2. The total length
of the LEBT is 3.28 m which includes the lengtttioé 5" electrode of the ion source
which is grounded. The drift lengths have been ehds be able to accommodate

beam diagnostics, steerers, gate valves, bellodsaruum pump in the LEBT.
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Fig. 2.2: Schematic of the LEHIPA LEBT.

The beam trajectory with envelope matching is shamvifrig. 2.3. and the
LEBT parameters obtained from this matching arevshio Table 2.1.
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Fig. 2.3: Beam trajectory in LEBT as calculatechirenvelope calculation in

TRACEWIN with no space charge compensation.
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Table 2.1. LEBT Parameters from envelope matching.

Element Length(cm) Strength(kG)
Drift 110

Solenoid 30 1.628

Drift 140

Solenoid 30 2.229

Drift 18

Total length 328

The final matching was then done using PIC caleutatusing PARTRAN in
TraceWin. The matching was studied with differamput beam distributions at the
LEBT input: the KV distribution, the 4D Waterbagsttibution [44] and the Gaussian
distribution. For all simulations, a mismatch facte 10° was considered as
acceptable for the design of the LEBT system. Tlaéching was done with 10,000
particles while the beam dynamics through the LE#€r the matching was studied
with 100,000 particles. For all matching calculatoin TraceWin, the actual 1 D
profile of the magnetic field in the designed solenwas considered. The results of
the matching with different input beam distribucere summarized in Table 2.2. The
beam profile in transverse phase space and cotedipace at the end of the LEBT as
obtained with different input beam distributiong a&hown in Fig. 2.4., Fig. 2.5 and
Fig. 2.6. It can be seen that for KV distributidor, which the space charge forces in
the beam are linear, the increase in emittancessds compared to the 4 D Waterbag
and Gaussian distribution which have highly noredin space charge forces. The
increase in emittance at the end of the LEBT fer ftil beam without space charge

compensation is very high and not acceptable feciion into the RFQ.
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Table 2.2. Matching Parameters for different beastridution at the input of LEBT.

. . Emit. At the | Emit. At the

Input beam Solenoid 1 Solenoid 2

R end of LEBT | end of LEBT
Distribution | (kG) (kG)

& (mm mrad) | &, (mm mrad)

Envelope 1.628 2.229 0.2000 0.2000
KV 1.608 2.212 0.225 0.225
4D waterbag | 1.583 2.201 0.4352 0.4352
Gaussian 30 | 1.545 2.219 0.7858 0.7859
106 X(mm) - X/(mrad) 166 f(mm) - Y(mrad F‘ 5 X(mm) - Y(mm)

“

Fig. 2.4: Beam profile in transverse phase spadecaardinate space at the end of the

LEBT with KV distribution.

Fig. 2.5: Beam profile in transverse phase spadecaardinate space at the end of the

LEBT with 4D Waterbag distribution.
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Fig. 2.6: Beam profile in transverse phase spadecaardinate space at the end of the
LEBT with 30 Gaussian distribution.

There are two solutions to matching the beam frioenion source to the RFQ
in the LEBT: with or without a beam waist betweée two solenoids. The former
requires higher values of the solenoid field ana@aied strong focusing while the
latter is called weak focusing solution. It hasrbéeund that strong focusing in the
LEBT leads to higher increase in beam emittandbeaend of the LEBT [45]. Hence
the weak focusing has been adopted for the LEHIEBT

Effects of changing the lengths of the drifts ie thEBT on beam size and
emittance were studied. The results of these siouok are shown in Table 2.3,
Table 2.4. and Table 2.5. All these simulationsenvdone for the uncompensated
beam current of 30 mA. The matching was done witlodo particles while the beam
dynamics was done with 100,000 particles usingbaWaterbag beam distribution at
the input of the LEBT. It is seen that reducing feagth of the first drift has
significant effect on the maximum beam size andrbeanittance at the end of the
LEBT. Reducing the length of the second drift does natehany effect on the
maximum beam size in the LEBT but increases thétanue at the end of the LEBT.
Increasing the length of the third drift space @ases the emittance at the end of the
LEBT. From here it can be inferred that, for minmmioeam size in the LEBT, it is
desirable that the length of the first drift be kap small as possible. For minimum
emittance growth in the LEBT, it is desirable tovéa small length of the first and

third drift spaces while the second drift spaceusthde long.

39



Table 2.3. Effect of changing the first drift lehgin the LEBT design.

Emit. Emitt.
Length | Length | Length Maxm at at
Strength | Strength
of of of beam | LEBT | LEBT
_ _ _ of Sol 1 | of Sol 2 _
Drift 1 | Drift 2 | Drift 3 size | endg | endgy
(kG) (kG)
(cm) (cm) (cm) (cm) (mm (mm
mrad) | mrad)
110 140 18 1.583 2.201 12.3 0.4352 0.43%2
90 140 18 1.712 2.377 11.17 0.3386 0.3431
70 140 18 1.889 2.573 9.11 0.2851 0.2883
50 140 18 2.202 2.822 5.39 0.2593 0.2612

Table 2.4. Effect of changing the second drift kangn the LEBT design.

Emit. at )
Emitt. at
Length | Length | Length | Strength | Strength LEBT
_ _ . LEBT end
of Drift | of Drift | of Drift | of Sol 1 | of Sol 2 end & (
g (Mm
1(m) | 2(cm) | 3(cm) | (kG) (KG) (mm ¢
mrad)
mrad)
110 180 18 1.568 2.362 0.3944 0.4012
110 160 18 1.575 2.285 0.4124 0.4189
110 140 18 1.583 2.201 0.4352 0.4352
110 120 18 1.593 2.117 0.4670 0.4729
110 100 18 1.615 2.012 0.5366 0.5422
110 80 18 1.642 1.911 0.5813 0.5864
110 60 18 1.692 1.760 0.6662 0.6714
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Table 2.5. Effect of changing the third drift lehgin the LEBT design

Emit. at )
Length | Length | Length Emitt. at
Strength | Strength LEBT
of of of LEBT end
_ _ . of Sol 1 | of Sol 2 end &
Drift1 | Drift 2 | Drift 3 & (Mm
(kG) (kG) (mm
(cm) (cm) (cm) mrad)
mrad)
110 140 18 1.583 2.201 0.4352 0.4352
110 140 30 1.528 1.931 0.4320 0.4362
110 140 40 1.471 1.787 0.4821 0.4850
110 140 50 1.405 1.684 0.5805 0.5836

2.3.4 Solving KV equation in the LEBT

Simulations were also done using the analyticalB®am envelope equations
to compare the results from the code.

The general KV equation [46] describes a chargeteta beam propagating
in the zdirection through a channel with linear externatl eapace-charge forces,
where the transverse external focusing functiop&) kand k(z), or the transverse
emittancesgxand ey, may be different. The equations for the beam empesX(z)

andY(z), are coupled and may be written in the form

2K £’

n —_

X"+k X - - =
X X+Y ﬁ2y2x3

2

2K el

Y"+k )Y - - =
y X +Y ﬁ2y2Y3

Where, K represents the force due to space charge.
In our case, where solenoids are used for focusi@dpeam in the LEBT,
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2
k| :‘ky‘ = (ZFSSB j is the hard edge focusing functions and B is thgmatic field
14

for the solenoid.

K :IOZ’—LW is the generalized perveance wighx131 MA for protons.

X and Y are the beam envelope radius in x and peas/ely. The rms unnormalised
emittance of the 50 keV, 30 mA proton beam from itwe source is taken as
0.02 cm mrad. The beam is circular and hence ic&niin x and y. Hence we can

write the above set of equation with X =Y =R as

R+kR-K & _
R B*VR

The initial conditions are R(0) = 4.38 mm and(® = 36.4402 mrad.

The maximum beam size in the LEHIPA LEBT obtained wite numerical
solution of KV equation is 12.2 cm and is 12.3 crnthwlTRACE2D which are
comparable. The beam trajectory in the LEBT with tlwnerical solution of KV
equation is shown in Fig. 2.7. It can be seen tiatbeam profiles in both the cases

are similar and focusing is achieved.

0l |
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Fig.2.7: Beam trajectory in the LEBT with the nungatisolution of KV
equation.
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2.4 Space char ge compensation

2.4.1 Theory of space charge compensation

The transport of high current beams at low energiesritical, because at
kinetic energies of a few MeV, the beams are sgheege dominated. These space
charge forces, due to coulombic repulsion betwherbeam particles, are highly non
linear and cause increase in beam size and enettdiiese effects of high space
charge can be reduced by using space charge coatipernsvhere the space charge

of the beam is neutralized by trapped electronss ©hcurs when a residual gas is

introduced and the gas pressure in the LEBT igivels high (1d5mbar). The proton
beam ionizes the molecules of the residual gaspanduces electrons which are
trapped in the positive potential of the beam agulices the beam space charge as
shown in Fig. 2.8.

residual gas atoms

Fig. 2.8: Space Charge compensation.
Consider a proton beam propagating through, aeldidual gas. It produces e
/H," by ionization.
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The secondary particles created in the collisibas have the same charge polarity as
the beam particles i.e. the;Hions, are expelled to the walls by the beam’s spac
charge. Electrons, produced by ionization, arepedpwithin the beam by its own
space charge, resulting in a decrease of the eiebeam potential and hence the
space-charge expansion of the beam, to a valuastitainsiderably less than that of
the unneutralized beam. The space charge compamsagigree for the 75 keV,
130 mA proton beam of the LEDA has been measured found to be
95% - 99% [47].Experimentally, a decrease in beam emittance has bbserved
with the increase in background pressure [48].

The degree of neutralization depends on the gasitgteny, the chemical
composition of the gas, the ionization cross saatidor the production of electron-
ion pairs, the velocity v of the beam particles #m&lpulse length of the beam.

The gas density for a background pressure of tfr is of the order of
3.2116 x 18’ m® and the beam density for proton beam current ofn89 is
6.068 x 16" m™.The density increase with time of the electron®ns created in the
collisions between the beam particles and the nurabgas molecules or atoms is
given by
D nov
d
Where, i is the beam density, which for a proton beam ciiroé 30 mA at 50 keV is
6.068 x 1&* m™. Then, the rate of production of electrons withdiis

dn _
i n,n,o,v

= 1.2043 x 1 m’sec’
An important parameter is the charge-neutralizatioe, defined as the time
it takes to obtain full charge neutralization of theam¥,). It is given by:
1

T, =

which is of the order of 50sec in the case of LEHIPA LEBT.
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2.4.2 Beam dynamics with space char ge compensation

Simulations were carried out to study the effects gpace charge
compensation in the LEBT. The effects were studisithg both the KV distribution
and the 4 D Waterbag distribution in TraceWin. Tasults of these simulations are
shown in Table 2.6 and Table 2.7 and plotted irsFQJ9 & 2.10. It can be seen that
as the degree of space charge compensation insydagh the maximum beam size
in the LEBT as well as the transverse emittancéleaend of the LEBT come down.
Smaller beam size in the LEBT allows us to uselensid with smaller aperture, thus
reducing spherical aberrations and the power rement from the solenoid. Thus
space charge compensation facilitates beam transptre LEBT. The beam phase
spaces at the end of the LEBT with different degrefespace charge compensation

using 4D Waterbag distribution at the input is showFig. 2.11.

Table 2.6. Effect of space charge compensatioreamidynamics with KV

distribution.
Degr ee of Maxm. | Solenoid | Solenoid Emit. at Emit. at
SCC Beam size 1 2 LEBT end & | LEBT end g,
(cm) (kG) (kG) | (mmmrad) | (mm mrad)
0% 12.3 1.608 2.212 0.2250 0.2248
70 % 7.52 1.529 2.135 0.2033 0.2033
90 % 5.68 1.43 2.088 0.2015 0.2016
95 % 5.31 1.386 2.069 0.2010 0.2012
99 % 1.33 1.337 2.060 0.2008 0.2009
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Table 2.7. Effect of space charge compensatioreamibdynamics with 4 D

Waterbag distribution.

Degree Maxm. Solenoid | Solenoid Emit. at Emit. at
of SCC | Beamsize 1 2 LEBT end & | LEBT end g,
(cm) (kG) (kG) (mm mrad) (mm mrad)
0% 12.3 1.583 2.201 0.4352 0.4352
70 % 7.52 1.498 2.175 0.3190 0.3207
90 % 5.68 1.419 2.108 0.2505 0.2510
95 % 5.31 1.377 2.090 0.2241 0.2243
99 % 1.33 1.337 2.057 0.2040 0.2040
140 +
120 4
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% —50%
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Fig. 2.9: Beam trajectories in the LEBT with ditet degrees of Space charge

compensation.
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Fig.2.10: Variation of emittance at the end of tEeBT with degree of space charge

compensation for KV, 4D Waterbag and Gaussianidigton at the input.
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Fig.2.11: Transverse beam profile at the end ofBBT with different degrees of
space charge compensation with 4D Waterbag disimitbat the input.
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2.5 Aperture studies

The beam from the ion source does not consist bf di ions. It contains
some fraction of ) and K" ions also. In addition to transporting and matghtine
proton beam from the ion source to the RFQ, an mapb function of the LEBT is to
prevent these unwanted species from entering meoRFQ. The b and H* ions,
due to their higher momentum as compared to theopsacare relatively less focused
by the solenoids in the LEBT and can be removegduifing an aperture at a suitable
location that will allow the proton beam to passtigh but will cut out a significant
amount of H" and H* beams. Studies were done to locate the positidrsiae of the
aperture. Both the strong and weak focusing optwese studied using KV, 4D
Waterbag and & Gaussian distribution of the input beam with 95sp#aice charge
compensation. Typical values of normalized emitésnfor H, H," and K" ions used
in the simulations are, ms (H") =0.2 T mm mrad,&nms (H2") =0.1 1T mm mrad and
Enrms (H3") =0.06751 mm mrad. From preliminary measurements of the EG@R
source to be used in LEHIPA, it has been found tth@beam has a proton fraction of
74% and H" and H* comprise 19% and 7% respectively of the total be@his
corresponds to an input beam consisting of 30 MAZY mA K" and 2.84 mA .
The results of the simulations are summarized ibléfa.8 and Fig. 2.12. (a) & (b)
show the beam trajectories of HH," and K" ions in the transport line for the weak

and strong focusing cases respectively.

It can be seen from the Figures that an aperturadifis 10 mm at the LEBT
exit is sufficient for full transmission of the"Hheam. For the case of weak focussing,
the H* and H* ion beams have a large beam size at the LEBT axit can be
eliminated largely by using the 5 mm aperture atekit of the LEBT. In the case of
strong focussing, however, thé'Hon beam also has a size comparable to that of the
H* beam at the LEBT exit and hence is also fullysmaitted by the 10 mm aperture.
Also, the increase in emittance at the end of tRBT is much more in the case of
strong focussing. Hence, it has been decided ttoigthe weak focussing option for
the LEHIPA LEBT with a 10 mm water cooled apertatethe end of the LEBT.
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These calculations were also done with varying elegof space charge compensation
in the LEBT for the weak focussing case with umifadistribution. It was found that,
for all cases, the transmission of Hind K" ion beams remains less than 3.3% of the

total beam current.

Table.2.8. Beam parameters at the end of the LEBTav10 mm radius aperture for
different input beam distributions for strong anelak focussing cases.

Distribution Transmission Emittancein x Emittanceiny
(%) (rtmm mrad) (Ttmm mrad)
H+ H2+ H3+ H+ H2+ H3+ H+ H2+ H3+

KV
Strong

4 100|100 | 17.23|0.2019| 0.1005| 0.0374| 0.2022| 0.1007| 0.0381
Focusing
Weak

. 100| 7.27 | 4.07 | 0.2007| 0.0374| 0.0198| 0.2011| 0.0368| 0.0180
Focusing
4D Waterbag
Strong
F 4 100| 100 | 20.54| 0.2420| 0.1050( 0.0320| 0.2421| 0.1053| 0.0326
ocusing
Weak

. 100| 9.09 |5.06 | 0.2196| 0.0306| 0.0154| 0.2203| 0.0319| 0.0161
Focusing
36 Gaussan
Strong
F 4 100| 100 | 25.87|0.4284| 0.1142| 0.0276| 0.4248| 0.1154| 0.0271
ocusing
Weak
E . 100| 10.94| 6.04 | 0.2772| 0.0261| 0.013 | 0.2813| 0.0262| 0.0132
ocusing
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Fig.2.12: Comparison of evolution of the beam eailong the LEBT (with 95%
SCC) of H, H," and K" beams with (a) weak focusing (b) strong focusing.

2.6 Solenoid Design

Beam dynamics simulations showed that the peak etiagfield required in
the two solenoids for focusing the beam in the LEBTess than 3.5 kG and the
effective length of the solenoids is 30 cm. Theedope codes like TRANSPORT and
TRACE 2D assume a hard-edged model for the solenbiis means that the
magnetic field is assumed to be uniform in theard < z < Land zero outside this
region, where L is the effective length of the solel. For the solenoid lens, using the
linear approximation i.e., suppose that the unifamagnetic field with effective

lengthL which has a sudden change from @Bgoat entrance port while fromd, to 0
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at exit port replaces the actual magnetic fieldntas shown in Fig.2.13., the effective

lengthL of solenoid lens is defined by

TB(z)dz:BOL

Bu/ Y%Az A=A,

O I zZ

Fig.2.13: Definition of Effective length L of soleil.

The geometric length of the solenoid is then ch@setine length for which the
area under the actual magnetic field curve of tiermid becomes equal t@lB The
solenoid design was done in POISSON [49]. The sadesionulated in POISSON is
shown in Fig.2.14. A 3 cm thick core made of magnetaterial is used to increase
the magnetic field of the solenoid by providingosvIresistance path to the magnetic
flux lines, with a lower value of current in thelewoid coils. The longitudinal
magnetic field profile in the designed solenoigl®wn in Fig. 2.15. The parameters
of the designed solenoid magnet are shown in TaBleA23D design of the solenoid
was also done using CST Microwave Studio [50]. TherBidlel is shown in Fig. 2.16.
and the magnetic field on the axis calculated by G&crowave Studio is shown in
Fig. 2.17.
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Soleznoid Magnst for LEHIPZ [Rajni]
1 1
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Fig.2.14: Solenoid simulated in POISSON.

Magnetic field data from file DSOLZ27MM.AM
Problem title line 1: Solenoid Magnet for LEHIPA [Rajni]

DSOL272. TEL 9-07-2009 12:22:52
T T
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Fig.2.15: Longitudinal magnetic field profile ingtsimulated solenoid.
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Fig. 2.16: Solenoid design in CST MWS

B-Field (Ms)_Abs (Z)
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Fig. 2.17: Magnetic field profile along z axis aalited from CST MWS
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The solenoid comprises of 8 identical pancake c&ideh pancake consists of
4 x 18 turns. A hollow copper conductor of 7 x 7 mith 5 mm diameter hole in the
centre for cooling water flow is used for the collfie conductor coil is wrapped in an
insulator tape. The conductor in each pancakelsgnmam the inside out. One fourth
of the coil starts at the ID and spirals outwar@ awer the other covering 18 turns.
The remaining three fourths of the coil at the $Dniound 3 turns along the length of
the solenoid and then crosses over to the next Ey& is again wound 3 turns along
the length in the opposite direction and so onittileaches the top. The 2 ends of the
coil in the pancake exit at 18@fom each other. This means that if one end covnés
from the top, the other end comes out from thednotf the pancake. The 8 pancakes
are connected electrically in series and in pdradlecooling water flow. The coils in
adjacent pancakes are wound in opposite directiand are then connected
electrically in series. All the 8 coil ends comiogt from the top are connected to the
water inlet and the 8 coil ends coming out fromlthé&om are connected to the water
outlet. Thus there are 8 cooling circuits. The 8gakes are assembled together and
enclosed in an octagonal cylindrical core made ataTA Grade Steel (high
permeability material). Openings are provided ia tore at the top and bottom for
the coil ends to come out for electrical and waternections.

These solenoids have been fabricated and testethamdsults are found to be
in good agreement with the design values. Fig.2st®ws the 8 pancakes in the
solenoid. Fig. 2.19. shows the cooling circuitshia solenoid. The solenoid complete

and assembled is shown in Fig. 2.20.
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Table.2.9. Parameters of the Solenoid magnet.

Parameter Value

ID of the solenoid 176 mm

OD of the solenoid (with coil) 500 mm

OD of the solenoid (with core) 560 mm
Effective length 300 mm
Physical length 358 mm
Peak field 3.5 kG (on the axis)
Ampere turns 89500

No. of turns (18 x4)x8 =576
Maxm. Current in coil 155 A
Voltage drop 61V

Total power dissipation 9.5 kW

No. of Pancakes 8

Total length of coils required 80x8=512m

Total resistance of the coils

0.3922 ohms (at reemperature)

Dimensions of copper conductor

7 X 7 mm with diactnole of dia. 5mm

No. of cooling circuits

8

Thickness of iron core (MS 1010

30 mm

Fig. 2.18: Pancakes in the solenoid.
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Fig.2.19: Cooling circuits in the solenoid.

Fig.2.20: The solenoid completely assembled.

2.7 Steerer Design

A magnetic steerer has been designed for steerb@jkeV proton beam into
the RFQ. The requirement is beam steeringt®fcm in horizontal and vertical
directions from the axis of the beamline at a disgaof 75 cm from the entrance of
the steering magnet. This implies a steering aofye04 radian.

The approximate value of the magnetic field on des inside the steering

magnet can be calculated from the analytical i@tati
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_ mvSird
gL
= BL =0.00129 T m
The design has been done for B = 95 Gauss foreaestiength of 15 cm.

B

The magnetic field inside the steering magnet is exactly uniform and
changes when one moves away on either side of éhgec This field deviation
should be minimum and magnetic field should berafotm as possible in the good
field region.

A simple steerer configuration is shown below ig.Ei21. Two sets of coils
Al, A2 and B1, B2 steer the beam in y and x re$palgt The magnetic field due to
coils A1 and A2 is in the x direction. This fieldta on the beam (whose direction is
perpendicular to the plane of the paper) and tlembexperiences a force in the y
direction. Hence if the beam is displaced verticatien these set of coils A1 and A2
are used to steer it back. Similarly the set ofscBiL and B2 steer the beam if it is
displaced in the x direction. Thus the two setemls independently steer the beam in

x andy.

Beam pipe
Cross section

Fig.2.21: Cross-section of the steerer.
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A steerer in this configuration was designed usirgcoderoissoN The coil
and core geometry is optimized to get a magnegid fof 95 Gauss at the centre. A
conventional design with a plate inside the coieyates the required steering field,
however, the field produced by it is not uniformtire good field region which will
result in distorting the beam quality. In orderrémluce this field deviation suitable
shim plates are used. The parameters of the sfeeragnet are given in Table 2.10

and the magnetic field profile in the steerer isvgh in Fig. 2.22.

Table. 2.10. Parameters of the steering magnet.

Parameter Value
Ampere-turn 2500
Width of the coll 17 mm
Height of the coil 100 mm
Width of the iron block 20 mm
Height of the iron block 140 mm
Coil cross section (half) 17 ém
Field at origin 95 Gauss
Shim width 2 mm
Shim height 60 mm
Length of the steerer 150 mm

Diameter of the wire

1.45 mm (AWG 15)

Turns per layer

65

Total no. of layers 11

Current 35A

Total resistance of 2 coils 5.329 Ohms
Voltage drop 19V

Total power dissipation 65.28 W
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Fig. 2.22: Magnetic field profile in the steerer.

2.8 Electron Trap design

The H beam from the ion source contains a smaller fractibH,” and H"
ions also. There are also electrons trapped in ib@m due to space charge
compensation in the LEBT. All these have to be nezdobefore entering the RFQ.
The K" and H' ions, having a greater momentum than proton aflecused by the
solenoids and hence can be cut off by putting Bneator just before RFQ entrance.
To maximize the lost fraction, a collimator is neddust before RFQ entrance. In
addition an electron trap [51,52] is also neededrevent the electron from the
neutralized beam to enter the RFQ. The electrgnisra ring with a negative 1-2 kV
potential placed at the entrance of the RFQ throwbich the beam passes. The
potential from this ring prevents low-energy plasatectrons from going through it,
but not 50 keV protons.

The electrons generated by residual gas ionizdtere very little energy.
Maximum energy transferred by an ion beam to actrele is [28]:

2m.c By’

2 2
=6
M M

max
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Where m is electron mass, M is proton mass fnd proton velocity. This comes out
to be about 110 eV for a 50 keV proton beam.

Voltage used for trap is much higher than maximiesteons energy for two
reasons:

1. The electrode is at some distance from beam axismenneed more potential
to have an effective field on axis;

2. When the electrons are stopped, the beam is coshplatneutralized and the
space-charge effect is very high and it tends t@citelectrons on the other
side of the trap.

The electron trap has been designed in POISSON eldutric field lines in the

electron trap simulated in POISSON is shown in Eig3.

Electrostatic Problem, Electron Trap
I 1 1

’ I ! ! I ! ;
Fig. 2.23: Electron trap simulated in POISSON.
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2.9 Beam Diagnostics

Beam properties like beam size, beam positiontaam current need to be
measured in the LEBT. The beam in the LEBT beinghhintensity beam,
interceptive diagnostics cannot be used. Non ief#iee diagnostics like DCCT and
residual gas beam profile monitors will be used fmrline monitoring and
measurement of the beam properties. The drift spacthe beam line will be used to

accommodate these diagnostics.

2.10 Summary and conclusions
A two solenoid based magnetic LEBT has been dedifmelLEHIPA. The main

design criterion was to match the beam from thesmurce to the RFQ with minimum
emittance growth and beam loss. For this detaiEhbdynamics studies have been
done to study the beam transport in the LEBT. Is i@ind from simulations that
space charge compensation decreases the beans siedl as emittance growth in the
LEBT. Hence space charge compensation will be usdde LEBT. The LEBT is
3.28 long and its functions include beam focusing ateering at the RFQ match
point, dc beam current diagnosis and beam profiEsasurement through CCD
monitors. The LEBT will also have a water-cooledliotator and an electron trap at
the RFQ entrance. Design of LEBT components like $lolenoids, steerers and
electron trap has also been done. A schematic eofd#signed LEBT is shown in
Fig.2.24.

i CCD :

Gate Solenoid 1 Camera Gate Solenoid2 '
Valve port Valve Collimatg
SM DCCT SM +e-trad t

RFQ

TMP TMP

Fig.2.24: Schematic of the LEHIPA LEBT.
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CHAPTER 3

Beam Characterization inthe LEBT

3.1 Introduction

One of the components of the LEHIPA project [24B&RC is the 3 MeV
CW RFQ [53]. This RFQ is about 4 m long and invehrendling of 500 kW RF
power at 352.2 MHz. The RFQ is a complex structuneh has very tight fabrication
tolerances. In order to understand the acceletatbmologies involved in fabricating
and operating 4 vane type RFQs, it was plannedrgbluild a smaller 400 keV D
RFQ to help gain experience in fabrication [54]ndilang of RF power and operation
of high power RFQs. So, this system consisting 5 &eV, 1 mA dc deuteron source,
a LEBT line and a 400 keV CW RFQ was designed. désgned RFQ is 1 m long
and the RF power required is about 70 kW. A twaesold based LEBT was setup to
match the beam from the ion source to the 400 kEQ.RThe transverse emittance of

helium, deuteron and proton beams in the LEBT weasured.

3.2 LEBT Design

A 2 solenoid based, magnetic LEBT similar to theHLUEA LEBT was
designed for the 400 keV RFQ based deuteron limae. design was done for a
50 keV, 1 mA deuteron beam. The deuteron beam waacéed from the RF ion
source and accelerated to 50 keV using an acdelgratbe. The beam parameters,
emittance and the Twiss parameters, were meastiediatance of 1.87 m from the
accelerating tube. With these parameters as thé thp beam was back traced from
here using TRANSPORT code [32] to get the beammpet@rs at the exit of the
accelerating tube. These were then used as InpuLE®T design. These input

parameters are
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a=1.679

B =3.351 mm/mrad

€n,ms= 0.043rtmm mrad

This corresponds to a converging beam of x = 818538 and X = 5.163 mrad. The
RFQ match point was obtained from TRACE 2D [55]eTkwiss parameters for the
RFQ match point are

a=1.35

B =3.57 cm/rad

The beam matching to RFQ was done using TRANSPORRCE 2D [55] and
TraceWin [36] codes. The schematic of the LEBT wen in Fig.3.1. The
parameters of the designed LEBT in TraceWin atedisn Table 3.1 and the beam
trajectory through the LEBT is shown in Fig. 3.helbeam phase space at the end of
the LEBT is shown in Fig. 3.3. The rms normalizediteance at the end of LEBT

increases to 0.05#mm mrad with 4 D Waterbag distribution at the pu

Table 3.1. Parameters of the LEBT.

ELEMENT LE('E%TH Magn(itiGC)Field
Drift 33.05
Solenoid 30 2221
Drift 88.3
Solenoid 30 2 152
Drift 18.35
Total Length 199.7
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Fig. 3.1: Schematic of the LEBT for the 400 keValin
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Fig. 3.2: Beam trajectory in LEBT as calculatechirenvelope calculation in
TRACEWIN.
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Fig.3.3: Beam profile at the end of the LEBT witib4Naterbag distribution.

The solenoid magnets for the LEBT were designe®@iSSON [49]. The
solenoids have been designed for a peak fieldld® 4nd effective length of 30 cm.
The solenoid simulated in POISSON is shown in Bigt and the magnetic field
profile in the designed solenoid is shown in Fig.3.

Solenoid Magnst for deuteron lesht  [Rajnil
L : L 1 L
45— =45
a0+ 40
R | &
ELES | =330
25+ | =
20 20
154 =15
10—+ = 1o
5— =5
0— o

&0
D:\1EET\400 EEV SOLELOID RESULTS|SOLIOMM.2M 8-31-2009 10:33:04

Fig. 3.4: Solenoid magnet designed in POISSON.

65



Magnetic field data from file SOL104MM.AM
Problem title line 1: Solenoid Magnet for deuteron lebt [Rajni]

-31-2000 1335
1000 - ‘ : P - DOLJDJ‘E‘TEL 8-31 _DD.‘ 10:33:38
% T

v

3500 - |
3000 |
2500 - |
500 [--: “"‘»\ -

[ BRR TR el T P e, |

Z {(cm)

Fig.3.5: Longitudinal magnetic field profile in tisemulated solenoid.

Based on the design, the solenoids were fabricatddested. The results were
found to be in good agreement with the designedeglThe variation in longitudinal
field 3 cm away from the axis is less than 0.3%sHas been verified from magnetic
field profile measurements on the solenoid as showifig.3.6.

-0.45

Fig.3.6: Magnetic field profile measurement of tHeBT solenoid.
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3.3LEBT Test Bench

Based on the design, a LEBT test bench [56] waspsat Van de Graaff
Laboratory, BARC to characterize the beams in tB8T. The LEBT test bench
consists of an RF ion source, Einzel lens, acdabgydaube and 2 solenoids. There
were 2 Faraday cups and 2 BPM'’s in the line to mmeathe beam current and size.
The ion source assembly is shown in Fig.3.7.and UB8T line with the two
solenoids is shown in Fig. 3.8. The beam from &mes isource was extracted and then
focussed by an Einzel lens. The beam was thenaeatetl to 50 keV using a dc
accelerating tube. This 50 keV beam was then fatwséh the help of the two
solenoids in the LEBT line. HeD" and H beams have been extracted from the ion
source and characterized. . Beam currents ofu®)®40 pnA and 200uA for He', D
and H beams respectively have been extracted and traedpthrough the LEBT
line. The emittance of these beams was measurad sslenoid scan method and slit

scan method.

RER AR X

i

Fig. 3.7: lon source assembly for the LEBT tesidi.
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Fig.3.8: LEBT test bench at BARC.

3.4 Transver se beam emittance measur ement
3.4.1 Emittance definitions

Beam is defined as a collection of particles thatmoving in a certain
direction with a very small spread in the energythe particles. The beam particles
move in one direction and have a very limited ekierthe direction perpendicular to
the direction of motion. Emittance is a propertytttéd beam that quantifies the quality
of the beam.

Each particle in the beam can be represented bgmixdinates in the six-
dimensional phase space %, g, p, z, p- The two dimensional projections of the
beam in the transverse phase spacegsanf y-p are approximately represented by
ellipses in the absence of the non-linear forceish Whear focusing, the trajectory of
each particle in phase space lies on an ellipséchmmay be called the trajectory
ellipse. Instead of the transverse momenta, ibiszenient to measure the divergence
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angles, dx/ds and dy/ds. Plots of x — dx/ds anddy/ds are known as the trace-space
or unnormalized phase-space projections. The geaguation for a trajectory ellipse

in trace space is written as

pZ 4+ 2axx + B2 =€ (3.1)
where

1+a’ =By (3.2)
Herea, B andy are the Twiss Parameters [57] ands called the emittance. The
Twiss parameters describe the shape and orientafidhe beam ellipse in phase
space and are related to the beam size and divarg€&he emittance is related to the

area of the phase space ellipse. The trace splgseedh the x transverse plane is

shown in Fig.3.9.

X
<
Il
™
)

A

><V

v

Fig. 3.9: The beam ellipse in transverse traceesgac

Here,

X, = /&8 (3.3)
is the beam half width,

X, =&y (3.4)

is the beam half divergence, and the phase spaaesagiven by
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Area= &
Hence, emittance is given by

E :ﬁl (35)
T

This emittance is called the ‘unnormalized emit&inéVhen a beam accelerates, the
transverse beam size shrinks. It is convenientefiné the ‘normalized emittance’
which is independent of the beam energy. The nozedlemittance is given by

£, = &0y (3.6)
Where 3 andy are the relativistic factors. Whereas, the unndm@d emittance
decreases with increase in beam energy, the naedadimittance is unaffected by the
acceleration of the beam. The units of emittaneggaren inftmm mrad.

When non linear forces are present, the beam = deviates from being
elliptical. The beam emittance is then definedeinrs of the mean-square values, or
second moments of the coordinates and momentaegpdrticles. This is known as
the rms emittance and is given by

Ems = \/X2 X% - (Q)Z (3.7)

The rms emittance can be defined for an arbitranyige distribution and is
determined only by the rms characteristics of thanb distribution. Sometimes the
total emittance of the beam is defined in termthefrms emittance depending on the
type of beam distribution.

Eral = (N+2)E g (3.8)

Where, n = 2, for KV distribution; n = 3, for uarfm in all three-dimensional

projections; n = 4, for uniform density in 4D spagmown as the 4D Waterbag
distribution; n = 6, for uniform density in 6D sgacknown as the 6D Waterbag

distribution [58].
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3.4.2 Transver se emittance measur ement Methods

The phase-space density and emittance of a beamoamaeasured directly.
Transverse emittance can be determined from measats of the particle
distribution as a function of displacement and dagdivergence.
3.4.2.1 Sigma Matrix method

Most transverse emittance measurement techniquesthes sigma matrix
transformations to get the beam emittance. Usirg rths beam size and Twiss
parameters, we can deduce the emittance of the pgdinThe trajectory ellipse

represented in equation 3.1 can be expressed nxrf@in as

XTo'X =¢ (3.9)
Where,
X {X} (3.10)
X
X" =[x x] (3.11)
And
ot = {y a} (3.12)
a p
whereo is called the sigma matrix and is defined as
a:{ p _a} (3.13)

For any particle in the beam, the coordinate timmsation from one location to the
other can be expressed as

X, = RX; (3.14)
Where, R is the transfer matrix between the twatioos. It can be shown that the
sigma matrices at two locations, 1 and 2 are rélase

o, =Ro,R’ (3.15)

This can be written as
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ﬂz R112 —2R;R, R122 /81

a, | =|-R;R, 1+2R,R,, —-R.R,|a; (3.16)
2 R, -2R,R, R, |x
Hence,
B, =R, B —2R.R,a, +R, Y, (3.17)
Or, multiplying on both sides by the emittancee get
X," =Ry X" — 28R, R0, + R, Y, (3.18)

In principle, measuring the beam sizg at location 2, for three different
settings of the R matrix will yield the value ofetlemittance by using the above
equation. In practice, however, more than threepeddent beam size measurements
are taken and the data is subjected to least-sgj@anaysis to get a more accurate
value. Two ways are commonly used to measure thigagire using this method:

1. Moving screen method: The simplest way is to measure the beam sizdfataht
locations. The transfer matrix of a drift spacenrporated in the above equation for
different lengths of the drift spaces and the eanite is deduced.

2 Quadrupole tuning method: Here the beam size is measured as a function of

different values of quadrupole field and the emit&is deduced.

3.4.2.2 Slit-scan method

In the slit-scan method [60], the beam is incidemta series of horizontal or
vertical slits or a single slit movable in the lzomtal or vertical direction. The beam
is transformed into small beamlets through thessiithich are then measured by a
wire or a screen kept at a known distance fromsdlits. These beamlets give the
information about the angular distribution of thealn. The position of the slits gives
the x values and the corresponding divergenGesan be obtained by measuring the
beam profile from the wire or the screen. The scitenof the slit wire emittance

setup is shown in Fig. 3.10.
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Fig.3.10: Schematic of a slit wire emittance setup.
For each position;f the slit, the corresponding xan be calculated as

X =%

= 3.19
X D (3.19)
The rms emittance can then directly be calculatesh the equation
V212 oor?
gms:\/xzxz—xx (3.7)

3.4.2.3 Pepper-pot method

In the pepper-pot method [61], the beam falls @epper-pot plate which has
a series of holes in both x and y directions. Tiogdient beam is divided into beamlets
which is measured on the screen to give their amgdistribution. As in the slit
method, the rms beam emittance can be calculatedtkyi from equation.

= \/X2 "2 - (3.7)

The pepper-pot method allows simultaneous measunteofighe emittance in

both the transverse planes.
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3.4.3 Transver se emittance measurement in the LEBT

The emittance of the beams in the LEBT line wassuesl using the solenoid

scan method and the slit scan method describeevbelo

3.4.3.1 Solenoid scan method
The solenoid scan method [62] was used to calcti@emittance of the D
and Hé beam in the test bench. A solenoid can be considasea focusing magnet

with the normalized focusing strength

Q z(ﬁjzleﬁ
2p (3.20)

where e is the electric charge; B the longitudinal solenoid field, and p is the
momentum of beam. If the effective length of tbéesoid Ly is much shorter than its
focal length §,, the solenoid can be considered as a thin focugiagirupole and the
same principle as the quadrupole scan method E8pe applied to the solenoid scan.
Measuring the beam sizes at the final positiondifferent focusing strength of the
solenoid can give the emittance and Twiss parasatehe initial position.

The solenoid scan method is very similar to thedguaole scan method, except for
the coupling between horizontal and vertical matioRotational coordinates can be
used to decouple them for an approximately rouradro& hen the transfer matrix for
the solenoid-drift system can be written as:

R:(l Lj[l ojz[l—LQ Lj
0 1\-Q 1 -Q 1 (3.21)

The equation for the square of the rms beam sirelen be solved in the terms of
focusing strength of the solenoid lens as wherestiperscript 1 denotes the location
of the BPM and 0 is at the beginning of the soldnoi

0, =0,°L°Q% - 2(Loy,’ + L?0,,°)Q

+ (0_110 + 20120L + Lzazzo) (3.22)
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Horizontal and vertical beam profiles are measuwsohg the wire scanner. The
solenoid was optimized to locate the beam waighatwire scanner and then the
beam size is scanned around that value. A Gaussanibution was fitted into the
beam profile. The fitting coefficient, /Rin all cases was greater than 0.98. At each
value of the solenoid current, 10 readings of tleanb profile were taken and
averaged to give the beam size. The images welgzadaoff line to obtain the rms
beam size. A typical beam profile obtained frora Wire scanner is shown in Fig.
3.11. (a) and a Gaussian fitted to the beam prisfidown in Fig. 3.11. (b).
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Fig. 3.11: (a). Beam profile obtained from BPM..(@russian fitted to the beam
profile.

After acquiring images for all solenoid scan steffi'e RMS transverse
emittance was calculated from the coefficientsradtieast square fitting of the square
of the beamsize as a function of the solenoid fiogustrength Q as shown in Fig.
3.12 and Fig. 3.13. for Helium and deuteron bedrhs.normalized rms emittance of
Deuteron beam was calculated to be Im66nm mrad and that of Helium beam was

calculated to be 0.178cm mrad by this method.

75



0.000014
y = 1.17E-06x2 - 1.38E-06x + 1.38E-05
0.0000139 - R2=9.97E-01

[ 4

0.0000138 \
0.0000137
0.0000136 \ /
0.0000135 \\ /

0 0.2 0.4 0.6 0.8 1 1.2 14
Q (U/m)

sigma (m ?)

0.0000134

Fig.3.12: A square of beam radius plotted as atfonof magnetic strength of

solenoid lens for Helium beam
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Fig.3.13: A square of beam radius plotted as atfonof magnetic strength of

solenoid lens for Deuteron beam.

3.4.3.2 Slit Scan Method

Another method that was used for the measurementrapisverse beam
emittance in the LEBT was the slit-scan methodlitAwsre scanner based emittance
measurement setup was developed for the measureh&eam emittance [64]. It
consists of movable slits of 0.35 mm width and niweathin wire of 0.05 mm

diameter. The spatial beam distribution was scarnedhe slit while the angular
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distribution was scanned by the wire scanner whiels located at a distance of
140 mm from the slit. A Jum precision linear motion mechanism was provided fo
movement of the slit and the wire. The beam enutarnn both transverse directions
are measured in a simultaneous fashion in thigsétue schematic of the emittance
measurement setup is shown in Fig. 3.14. The emsittaf H and O beams was

measured using this setup.

Fig. 3.14: Schematic of the slit wire emittance sugament setup.

A typical wire scan data for different slit posit® from the emittance
measurement setup for 100 pA, 50 ke¥/d@am is shown in Fig. 3.15. The raw data
shows double humps which indicate the presencéfefeht species other than'n
the beam. The raw data is Gaussian fitted for mieltpeaks and the Don species

data is extracted out.
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Fig. 3.15: Typical wire scan data at different ptisitions for 100 pA, 50 keV'D

beam.

This data is analyzed and values bfre calculated from equation 3.19. The
beam rms emittance is then calculated using equétio. The 2D emittance contour
plots and the 3D beam distribution plots in phgssce are then plotted. In Fig. 3.16.
(a), both the rms (inner ellipse) and 100% emiafouter ellipse) are plotted. Fig.
3.16. (b) shows the beam emittance 2 D contourloke in Fig. 3.16. (c) the 3 D
beam distribution in phase space is plotted. Theselts are plotted for 100 puA,"'D

ions. Similar measurements and analysis was darté fbeam also.

78



4 (3

b3
|

Current (A)
-

=

y' (mrad) 4 - y (mm)

Fig. 3.16: (a) Beam emittance plgty(’) of 100 pA, D ions. (b) Beam emittance 2D
contour plot. (b) 3D distribution of beam in phapace. (c) 3D distribution of beam
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Fig. 3.17. shows the variation of normalized rmsitemce of H and D
beams as a function of beam current. The beam wriergooth the ion species is
50 keV. H has larger emittance than® Dons and the emittance increases with
increase in beam current.

The acceptance value of normalized RMS emittancehie 400 keV
RFQ is 0.02r cm mrad for D ions and hence at these low beam currents (~100 pA

the emittance of the input beam is well within #ueeptance value of RFQ.

3.4.4 Discussion of the results

It can be seen that the emittance measurement thengplenoid scan gives a
much higher value of the emittance as comparedhecslit wire method. There are
two main reasons for this. The beam coming fromitimesource contains different
species in addition to the main beam as can be iseBig. 3.13. While these have
been separated during the analysis in slit wirenoggtit is not possible to do the same
for the solenoid scan method. So the emittanceulzdbxd using the solenoid scan
method is essentially the emittance of the enteant containing all the species
coming from the ion source. Also for the solenatdrs method, the beam has to be
symmetric. However, there is some asymmetry irbdeem which results in emittance
values not so accurate. Hence for this LEBT systémn slit wire method is a more

accurate way of calculating the emittance.

3.5 Summary and Conclusions

A 400 keV deuteron RFQ based linac has been uBA&RC. It consists of a
rf ion source, a 400 keV RFQ for'eams and a low energy beam transport (LEBT)
line to match the beam from the ion source to tik&QRThe LEBT was designed
using 2 solenoids for focusing the beam. Basedersimulations, a LEBT test bench
has been setup at Van de Graaff to validate theillatrans and focusing of the
solenoids that have been designed and fabricatquerifnents to measure the beam
emittance and transmission in the line were doime Geam emittance measurement

of proton, deuteron and helium beams was done ubmgolenoid scan and the slit
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wire method. The emittance value for the Deuter@anb is well within the
acceptance value for the RFQ. Using this LEBT Ib@ keV deuteron beam has been
matched to the RFQ and accelerated to 400 keV.
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Chapter 4

Physics studies of a high intensity proton linac

4.1 Introduction

High-power proton linacs are today being develoged a variety of
applications such as accelerator driven systemsS{Aor transmutation or energy
production [ref], neutron spallation source for densed matter study, neutrino
factories, muons colliders, production of rare apet beams for nuclear physics
studies etc. These linear accelerators for thepdicapons are required to deliver
proton beam of up to several MW to several tenlgl\0f power and operate with CW
or pulsed high intensity beams. In particular, sre¢or driven systems [1] have
evoked considerable interest in the nuclear comtywaround the world because of
their capability to incinerate the MA (minor acties) and LLFP (long-lived fission
products) radiotoxic waste and utilization of Thioni as an alternative nuclear fuel. In
the Indian context, due to our vast thorium resesy@DS is particularly important as
one of the potential routes for accelerated thorutiization and the closure of the
fuel cycle [2]

One of the main sub-systems of ADS is a high enérdy GeV) and high
current (~30 mA) CW proton linac. The primary comci building such high-power
linacs is the beam losses, which could limit thailability and maintainability of the
linac and various subsystems due to excessiveadictivof the machine. A careful
beam dynamics design is therefore needed to aheidormation of halo that would
finally be lost in the linac or in transfer linek addition to this, the electrical
efficiency, reliability and beam loss rate for suclystem needs to be improved to a
great extent compared to the existing high energgcs.In India, it was, therefore,
planned to take a staged approach towards devetdphéhe accelerator technology
for ADS, dividing it into 3 sections: namely, 20 Mel100-200 MeV and 1 GeV [23].
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In the first phase, BARC has initiated the develepmof Low Energy (20 MeV)
High Intensity Proton Accelerator (LEHIPA) [24] &snt-end injector of the 1 GeV
accelerator for the ADS programme. Physics dedigliess have also been done for a
1 GeV proton linac for our ADS program. Proton beaane accelerated up to 100
MeV using normal conducting and upto 1 GeV usingesconducting elliptical

cavities.

4.2 Design choices

One of the most important and challenging parthe ADS system is the high
power proton accelerator. While efforts are oroa#r the world to build such a linac,
there is no such linac yet that is operating. Thainnmrequirements from the
accelerator are

1. High Reliability — In order to get uninterruptedvper from the reactor, the
accelerator has to be highly reliable. It shouldabke to operate continuously
for long periods of time without beam trips. Foglireliability it is important
that the accelerator design should be conservainkbased on proven and
already demonstrated structures.

2. High Beam Power — The accelerator for ADS shoulalile to deliver tens of
MW of power. Typically about 1 GeV energy and beamrents of > 10 mA
are considered.

3. CW operating mode — CW operating mode is requicedvoid undesirable
thermal shocks to the fuel elements which resuttsfthe pulsed nature of the
beam.

4. High conversion efficiency — The conversion effiaig of electrical power to
beam power should be as high as possible. Forstinigerconducting structures
should be used and the normal conducting structhesald be optimized for
high shunt impedance.

5. Minimum beam loss — Any loss of beam in the acedter will lead to
activation of the accelerator components which w#vent the service staff

from accessing the accelerator for maintenancetttsithe beam loss should
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be restricted to less than 1watt/m [65]. The behaukl therefore be free from
halo formation which will manifest as beam loshigh energy.
6. Easy maintenance and serviceability.

The architecture of the accelerator should be basethese features. High energy
synchrotrons are ruled out because of their puleddre. The accelerators that can
give a CW beam are cyclotrons and linacs. Howewgclotrons can deliver
maximum beam currents of only 5- 10 mA, which makeacs the more popular
choice of accelerator for ADS application.

The design studies involve choice and optimizatdrvarious accelerating
structures and the beam dynamics studies througtirthc. The low-energy section
consists of a high-intensity ion source that defvaeams of few tens of keV energy.
Almost all linacs being designed today use theorfidiquency quadrupole (RFQ)
[4,5] to accelerate the high current beam from itre source to a few MeV beam
energy. Particular care must be given to the linaat end which must deliver a high
quality beam in order to have low beam lossesgttdrienergies where they are most
dangerous. The intermediate-energy structures exetelthe beam to about 100 MeV.
These are usually normal-conducting drift-tube ktinstructures (DTL, SDTL,
CCDTL) [66]. However, superconducting structureise Ispoke type resonators and
half wave resonators, are also being contemplatpdagally for CW beams. The high
energy structures accelerate the beams from fewlrbedrnMeV to GeV energies. At
these energies, superconducting RF technology seebesthe best option in order to
design a cost-effective machine in terms of botpitah and operational costs and
superconducting multicell elliptical cavities arsed for acceleration in this energy
range.

In the present design, the RFQ is chosen to aateléhe 50 keV, 30 mA
proton beam to 3 MeV. After the RFQ, the Drift Tubeac (DTL) is a used as it is
considered a viable structure with high shunt inmee for accelerating the 3-MeV
beam from the RFQ where the beam energy is stilldad hence regular focusing is
needed. The RFQ energy could be increased, butehsystem cost would increase

as a result. It will also increase the fabricatuifficulties as RFQ is a complex
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structure with very high tolerances. A transitiana CCDTL structure is made at
40 MeV because this structure, is believed to beemtable than the DTL structure as
it operates in ther2 mode and has a favorable shunt impedance aetieigy. The
effective shunt impedance per unit length [67]nsraportant figure of merit used to
characterize an accelerating cavity. It is a measfithe energy gain per unit power

dissipation and is defined as:

ZT? :ﬂ
"L

Where, kg is the average axial electric field, T is the siariime factor, P is the
average power dissipation and L is the length efdavity. The CCDTL also allows
the focusing quadrupoles to remain outside thecliaak, facilitating alignment and
diagnostics. The drift-tube structure also becosiegler as the quadrupoles are not
housed inside the drift tubes. At 100 MeV, trawositis made to superconducting
cavities which then accelerate the beam to 1 Gelge®onducting linear accelerators
are now considered as an option for high intengitjects around the world. They
offer various advantages such as reduction in aepan linac length because of the
higher accelerating gradients, and in the numbédystrons and associated rf power
systems. Furthermore, there is an increased safatgin against radio activation
from beam losses that would impede hands-on-mainten and would limit the
availability. This latter advantage is the resdlthee higher gradients that increase the
longitudinal focusing, larger bore radius and timprioved vacuum in the cryogenic
environment of the superconducting accelerator. Baperconducting linac is
composed of three sections made of 5-cell elliptieavities designed for geometric
beta of 0.49, 0.62 and 0.8.

4.3 Design criterion
The linac for ADS is required to deliver 30 mA ofWCproton beam at 1 GeV

energy. The main design criterion for such a liratow beam loss and control of

transverse emittanc&n r.m.s. normalized emittance of G@2nm mrad is considered
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to be a reasonable goal for th& ECR ion source and hence has been assumed for the
simulations. The reduction of beam losses is a n@@ocern in the design of the linac

in order to avoid activation of the machine anddration of the environment. Other
important design factors are the need to avoid rg¢io@ of beam halos, current
independent operation and tuning, and high operatiavailability.

The linac is designed wusing both normal-conductifhlC) and
superconducting (SC) accelerating-cavity structufesiormal-conducting linac for
low-velocity particles combined with a supercondhgt linac for high-velocity
particles utilizes the advantages of both techriekgHigh-current, low-velocity
proton linacs have demanding focusing requirementsontrol space-charge forces,
which can be provided straightforwardly with presanrmal-conducting structures.
But, focusing requirements relax with increasingpery and are compatible with the
longer-period focusing lattice of a high-velocitypgrconducting linac.

The main design criterions for such a linac are:

* Low beam loss (<1 Watt/m) to allow hands-on-maiatexe of the entire linac

* Low emittance increase

* Avoid halo formation

For this, the following design philosophy was adalpt

* Maintaining thetransverse and longitudinal phase advances perlemgth
constant at all transitions between the structui@sprovide a current
independent match into the next structure [68]. Hus the quadrupole
gradients and accelerating electric fields areadhbetween the structures.

* Matching the transverse and longitudinal phase espat the end of one
structure to the acceptance of the next structyreding carefully designed
transport lines.

» Keeping the zero current phase advance per peasipdn(all the planes below
90 degrees. This is done to avoid envelope ingalwhich causes emittance
increase and beam loss.

* Having smooth transitions throughout the linac emts of RF frequencies,

accelerating structures, focussing period length et
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4.4. Linac Design

A schematic of the designed linac is shown in Hid..The linac for ADS
consists of an RFQ followed by a DTL, CCDTL and B@c. The RFQ accelerates
the beam from 50 keV to 3 MeV and the DTL takes lleam to 40 MeV. The
CCDTL accelerates the beam to energy of 100 Me\é. @gam is then accelerated to
1 GeV using 5 cell supererconducting elliptical idag. While the RFQ and DTL
operate at 352.21 MHz, the operating frequency @DTL and SC linac is
704.42 MHz. [25,69]

1S RFQ | DTL - CCDTL - SC Linac
A A A y N 7
50 keV 3 MeV ~40 MeV ~100 MeV 1GeVv
352.21 MH. 352.21 MH. 704.42 MH. 704.42 MH.

Fig.4.1: Schematic of the 1 GeV Linac for ADS.

End to end simulations of the linac have been dosgg PARMTEQM,
PARMILA andTRACE3D codes. The transverse and longitudinal phase adsgrer unit
length are maintained constant at all transitioesvben the structures to provide a
current independent match into the next structbce.this the quadrupole gradients
and accelerating electric fields are varied betwerstructures.

The details of the accelerator design are discusstid subsequent sections.

441 1on Source& LEBT
The front end injector consists of the ECR ion seuthe low energy beam transport
(LEBT) line and the RFQ to accelerate the beame¥.

The ion source will be an ECR ion source and valivier 30 mA proton beam
at 50 keV energy. The main challenge is to proeidiégh brightness beam i.e beam at
low emittance and high intensity.
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The main criterion for the design of the LEBT wasitinimize the emittance
growth with minimum beam loss. With this criterion,our design the beam from the
ion source is matched to the RFQ using two solendad focusing the beam.
Solenoids are preferred over quadrupoles becaegefdious simultaneously in x and
y planes and produce a round beam which is reqairéte RFQ input. The computer
code TRACE2Dwas used for an initial design of the LEBT for 5k 1 mA DC H
beam. The LEBT was used to transport the phaseesglhagse at the exit of the ion
source to the entrance of the RFQ and match ihe@oatcceptance of the RFQ. The
RFQ match point was obtained by back tracing tlerb&om the shaper to the radial
matching section of the RFQ TRACE2D. Then the beam from the ion source was
matched to the RFQ match point usirrpCE2D to get a mismatch factor of zero in x
and y. This matching was done using 2 solenoids3addft spaces. The total length
of the LEBT is about 3 m.

4.42 RFQ

After the source and the LEBT section, the beaattelerated to 3 MeV by a
RFQ at 352.2 MHz. RFQs have the capability of faogisbunching and accelerating
the beam simultaneously. At low energi@s~0.01 to 0.08), RFQ is most efficient
structure for accelerating the beam with high tmaission and low emittance growth.
A Radio Frequency Quadrupole accelerator consfdtsmpairs of parallel electrodes,
which produce an electrostatic quadrupole fieldtlos axis. In order to generate an
axial field component for acceleration, the eledé® are modulated longitudinally
and one pair of electrodes is longitudinally sliiftgith respect to the other pair by
18C, so that the distance from the axis of the vdrtiaaes at its minimum if denoted
by a, the horizontal vanes will be ma apart from &xis where m is the modulation
parameter and its value greater than one. Thistretes geometry produces a
longitudinally varying axial potential which givese to a longitudinal electric field.
The beam is accelerated by longitudinal RF eleéigids and focused by RF electric-

guadrupole fields.
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Fig 4.2: Modulations along the lengthité RFQ.

Since the field is alternating at RF frequency, phaeticles gain energy if they
are in synchronism with the field. The modulatioontrols the strength of the
longitudinal bunching and accelerating field whibmly slightly perturbing the
strength of the transverse focusing field. The dvanse focusing field is sustained
along the entire length of the RFQ to maintain &cand the longitudinal field is
increased slowly along the axis to adiabaticallpdfuand capture the beam and then
to accelerate it to full energy.

The RFQ operating at 352.21 MHz accelerates thm&Qroton beam from
50 keV to 3 MeV. In this design the vane voltage haen kept constant, keeping the
peak surface field less than 1.8 times the Kilpktlimit. The cavity design was done
using SUPERFISH [49]. The electric field lines ineoquadrant of the RFQ are
shown in Fig.4.3. The transmission at the end efRIFQ is 97.5 %. The parameters
of the RFQ are shown in Table 4.1. The total lerafttine RFQ is 3.52 m and the total

rf power requirement is 385 kW which includes 88/8 of beam power.
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Fig.4.3: Electric field lines in one quadrant oétRFQ.
Table 4.1. Parameters of the RFQ.

Parameters Value
Frequency 352.21 MHz
Input energy 50 keV
Output energy 3 MeV
Input current 30 mA

Transverse emittang®.02/0.023t cm-mrad

Synchronous phase| 30

Vane voltage 76.7 kV
Peak surface field 32.51 MV/m
Length 3.52m

Total RF power 385 kW
Transmission 95.9 %

4.4.3 Drift TubeLinac (DTL)
The Drift Tube linac is a resonant cavity excitadTiMo1p mode. It consists of a

succession of drift tubes separated by gaps. Tiftetulves shield the beam from the
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electric field when it is in the decelerating phaQeiadrupoles inserted in the drift
tubes provide focusing. The DTL is used for ionstie velocity region near
0.05 << 0.4, where the space charge forces are conslderidie schematic of DTL
is shown in Fig.4.4. The advantages of DTL are:
1. It is an open structure without cell end walls, gratly resulting in high
effective shunt impedance.
2. Focusing quadrupoles within the drift tubes provisteong focusing and

permit high beam current limits.

Cell N Cell N+1

Ln Lnsr

Drift tube N Drift tube N+1
: Ry

Gap cente

€ gv—> € Qv

Fig.4.4: Schematic of the drift tubes in the DTL.

4.4.3.1 Electromagnetic Design
The program DTLFISH in the POISSON SUPERFISH codiridution is

used to design the cavity shape and compute suffalcks and rf power losses.
DTLFISH sets up the geometry for drift-tube lin&T() cells. Fig.4.5.(a) shows the
basic outline of DTL cavity generated by DTLFISHdaig.4.5.(b) shows the

detailed geometry of the drift tube. The DTL calla figure of revolution about the
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beam axis. DTLFISH assumes a symmetric cell, ardetbre sets up SUPERFISH
runs for only half the cell. The symmetry plananghe gap center between the two
drift-tube noses. DTLFISH tunes the cell by adjgtihe cavity diameter (D), drift-
tube diameter (d), gap (g), or face anglg.(

L2

Drift tube

j<—2/2 ———

Beam axis

Ry [ R;or Ry

< 7 >

Fig.4.5:(a). The DTL half cell set up by the codELish. (b). Detail near the
drift-tube nose.

The DTL cavity was designed with the following dgscriteria:
* To have good shunt impedance
* To have a constant tank diameter, bore radius afidube diameter along the
structure for ease of fabrication.
» To have space for quadrupoles inside the driftgube
» To avoid voltage breakdown by keeping peak surfizbe below 0.8k.

To design the DTL cauvity first the cavity diameteas optimized. The idea
was to use the same tank diameter for all the [fkg i.e in the entire energy range.
For this, the effect of varying the tank diametartbe various figure of merits of the
cavity viz. effective shunt impedance, the peakfam@ electric field, power
dissipation etc. at different energies was studied.
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It can be seen from Fig.4.6. that in the lower gneange i.e. 3-20 MeV, the
optimum diameter is around 53 cm and in the higinergy range i.e. 20-50 MeV, the
optimum diameter is around 51 cm. As a compronfiigeall energies a tank

diameter of 52 cm was chosen.

45
—o— 3 MeV
40 —m— 5 MeV
§ —— 10 MeV
©
-§_ 35 | —=— 15 MeV
c ././I/'
- —x— 20 MeV
= 30
) 1 —o— 25 MeV
b /,.—.\.\‘\\ —+— 30 MeV
25 1 e —=— 40 MeV
50 MeV
20 T T T T T T

46 48 50 52 54 56 58 60
Diameter (cm)

Fig.4.6: Variation of effective shunt impedancelod DTL with
diameter at different eneraqi

As the face angle is increased the effective shmpedance also increases at
all energies. This can be seen in Fig.4.7. Howéger face angles also reduce the
space available for the focusing magnets in th# tifbes. Hence the face angle is
kept @ from 3 MeV to 20 MeV where the drift tube lengtase small. Beyond
20 MeV it is increased X0 where the drift tubes become long enough to
accommodate the quadrupoles. This increases tlestigd shunt impedance at
20 MeV as can be seen in Fig.4.8. The shape odlftetubes and the electric field
profile in the DTL at 3 MeV, 20 MeV and 40 MeV isavn in Fig.4.11.
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Fig.4.8: Variation of effective shunt impedancehe DTL with energy.

The drift tubes must be large enough to accommaglzdrupole magnets for
focusing and to provide space for cooling of dtifbes which is essential in CW
operation. As can be seen from Fig.4.9., the effecthunt impedance decreases with
increase in the drift tube diameter. As a comprentistween the two, the drift tube
diameter was chosen to be 12 cm.
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The effective shunt impedance decreases with isergabore radius as can be

seen from Fig.4.10. Hence a smaller bore radiysaterred. But in order to ensure
low beam losses the aperture must be much larger ttine rms beam size. So the
aperture is chosen to be 1.1 cm.
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Fig.4.10: Variation of effective shunt impedanceha DTL with bore radius at
different energies.
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The final parameters of the designed DTL cavitysanmmarized in Table 4.2.

Table 4.2. Parameters of DTL cavity.

Parameter 3-20MeV | 20-40 MeV
Frequency (MHz) 352.21 352.21
Tank Diameter D (cm) 52 52
Drift Tube Diameter d (cm) 12 12
Bore Radius Kcm) 1.0 1.0
Face Anglax; (degrees) 0 10
Corner Radius Kcm) 15 1.5
Inner Nose Radius;m) 0.5 0.5
Outer Nose Radiusdtm) 0.5 0.5
B S
PR
B R e oesee
5 T I e . \

i

T ; I T T T

Fig.4.11: Electric field profiles in the DTL at 3éW, 20 MeV and 40 MeV.
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4.4.3.2 Beam Dynamics design

The beam from the RFQ is accelerated to ~ 40 Me\hguDTL at
352.21 MHz. The 3 MeV beam from the RFQ is matched the DTL using the
Medium Energy Beam Transport Line (MEBT), which sisits of 4 quadrupoles for
transverse matching and 2 rf gaps for longitudmatching. The matching was done
using TRACE 3D [33] code. The beam dynamics desigthe DTL has been done
usingPARMILA [70]. FFDD lattice is used in the DTL for transvef®cusing. For this
lattice the quadrupole gradient required to matied transverse phase advance
between RFQ and DTL, for current independent mag;htomes out to be ~ 43 T/m.
This can be achieved by permanent magnet quadsiptdeed inside the drift tubes.
The focusing lattice period i34 throughout the DTL. The total length of the DTL is
22.66 m and the RF power required is 1.97 MW. TA& Wvill be built in 4 tanks.
The axial electric field is kept constant at 2.5 MVin all the tanks. The beam
dynamics parameters of the DTL are summarized bieT4.3.

Table 4.3. Beam Dynamics parameters of DTL tanks.

DTL Tank No. 1 2 3 4
Energy Range (MeV) 3-11.14 11.14-19.29 19.29-29.129.18-40.12
No. of Cells 52 33 31 30
Synch. Phase (deg) -30 -30 -30 -30
Acc. Grad. (MV/m) 2.5 2.5 2.5 2.5
Total Power (kW) 470 429.43 498.93 574.07
Tank Length (cm) 512.15 495.15 585.47 673.52
Trans. Emit X 0.02293 0.02295 0.02293 0.02291
(cm mrad) Y 0.02263 0.02261 0.02263 0.0226%
Long. Emit (deg MeV) 0.10577 0.10594 0.10601 0.10608

The beam profile through the DTL is shown in Figi2land the beam profile
in transverse phase spaces, transverse coordipeate and longitudinal phase space
at the end of the DTL is shown in Fig. 4.13.
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4.4.4 Coupled cavity drift tube Linac (CCDTL)

In the medium energy range, the velocity of thetiplas is high enough to
allow long drifts between focusing elements. TheDJC structure is suitable for use
in this energy range. It is made of groups of sn2atjap DTL tanks resonantly
coupled to each other by single-cell bridge cowplevith the quadrupoles placed
between the tanks. The single DTL tanks operatber2tmode, while the chain of
tanks operates in the more stabi? mode, with no field in the bridge-coupler
cavities. Fig.4.14. shows the schematic of a CCDLthis structure, the separation
between the two consecutive gaps within the samyda pA, while the separation
between the last gap of a cavity and the first ghphe next cavity ig$A/2. This
ensures that the particle is in synchronizatiorhlie accelerating field in each gap.
Advantages of using CCDTL are:

» Since the quadrupoles are not housed inside tiietaloes, this allows more
flexibility on the drift tube design which can ndve optimized for higher
shunt impedance.

* The resonating mode is tm& which is an intrinsic stable mode.

IS
2

Fig.4.14: Schematic of a CCDTL.
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4.4.4.1. Electromagnetic design

The program CDTFISH in the PoissonF&RFISHcode distribution is used to
design the cavity shape and compute surface faatdsrf power losses. CDTfish sets
up the geometry for coupled-cavity drift-tube lINGECDTL) cavity as shown in
Fig.4.15. It tunes the cavity by adjusting eithiee tavity diameter or the drift tube
gaps. The CCDTL cavity is a figure of revolutidsoat the beam axis.

< Fe

Electrical center
/ Gap center ) A
g L = Ng b 1'2 }v
7 / (Ne B
A= jZL

= =—dg(1) Bg(2) ==

Yl ey
] i A

Fig.4.15: Full cavity of a one-drift-tube, 2-gap DTL

.2

pA <B4

[ ]

Studies were done to optimize the CCDTL cavity 32.31 MHz and at the
next harmonic frequency 704.42 MHz. The effectikiarg impedance of the CCDTL
cavity at 40 MeV was found to be higher at 352.2HAvithan at 704.42 MHz.
However, the power dissipation is much lower fag @CDTL structure designed at
704.42 MHz than at 352.21 MHz as can be seen frigii®: Studies were also done
to compare the 2 gap and 3 gap CCDTL structuresimAg was found that even
though the effective shunt impedance is highertlfier 3 gap structure the power
dissipation is less for the 2 gap CCDTL structdil@s can also be seen from Fig.4.16.
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Fig.4.16: Variation of the effective shunt impedamnd power dissipation in the
CCDTL with energy for 352.21 MHz 1 drift CCDTL, 7@2 MHz 1 drift CCDTL,
704.42 MHz 2 drift CCDTL cauvity.

At 40 MeV, it was found that the effective shuntpmaance of the CCDTL
starts becoming more than that of the DTL and tbevgp dissipation in the two
structures is comparable as can be seen from Eifg.#Hence at 40 MeV, we have
switched to 2 gap CCDTL structure at 704.42 MHz.
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Fig.4.18: Electric field profile in the CCDTL.
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The results of the cavity design are summarizedahle 4.4. The distance
between 2 tanks is 3§)/2, which is used for housing quadrupoles for fieg the
beam. The electric field lines in the CCDTL ca\atg shown in Fig.4.18.

Table 4.4. Parameters of the CCDTL cavity.

Parameter Value
Frequency (MHz) 704.42
Diameter (cm) 24
No. of gaps 2
Drift tube diameter (cm) 5
Bore Radius (cm) 1.2
Equator flat (cm) 3
Cone angle (Deg) 10
Drift Tube Face angle (deg) 70
Inner Corner Radius (cm) 0.25
Outer Nose Radius (cm) 0.05
Inner Nose Radius (cm) 0.2
Drift Tube Corner Radius (cm) 0.5
Drift Tube Outer Nose Radius (cm) 0.6
Drift Tube Inner Nose Radius (cm) 0.3

4.4.4.2. Beam dynamics

The beam from the DTL is accelerated to ~ 100 M&ihg CCDTL at
704.42 MHz. The beam from the DTL is matched to @@&DTL using the last two
cells of the DTL and the first cavity of the CCDTILhe gradients in the last 2
guadrupoles in the DTL and the first 2 quadrupofeshe CCDTL are varied for
transverse matching. This matching is done usintACR3D. In the DTL the
transverse lattice is of type FOFODODO with @Mperiod at 352.21 MHz. Starting
in the CCDTL the transverse lattice changes to FQItQ a 5pA period at 704.42
MHz. A focusing (or defocusing) quadrupole magralofvs every CCDTL cavity.
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The phase advances per unit length are maintaioedtant from the DTL to the

CCDTL for current independent matching. For thiguadrupole gradient of 39.8 T/m

is taken in the CCDTL and the accelerating gradier@ MV/m. The parameters of

the quadrupoles for matching the beam from the @3lthe CCDTL are shown in

Table 4.5. and the beam trajectory and phase spaiseare shown in Fig.4.19 .
Table 4.5. Parameters for matching betw2Eh and CCDTL.

Matching element Gradient (T/m)

DTL Quad -57.10

DTL Quad 82.62

CCDTL Quad -72.80

CCDTL Quad 86.84

BEAM AT NEL1= 18 1= 30.0ma BEAM AT NEL2= 31
Hi= 1.5254 B= 1.5755 7= 40.0000  40.0000 Me¥ Hi= 2.0213 B= 1.1597
¥ 2=-0.89037 B= 0.50885 FREQ= 352. 21HHz N 851.18mn V &= -1.1197 B= 0.59722
ENITO=  3.475  3.475  630.40
Nl= 18 'Nz= 31
PRINTOUT VALUES
PP PE VALUE

MATCHING TYPE = 9
—_—o DESIRED VALUES (BEANF)
e alpha eta
X 2.0213 1.1597
¥ -1.1187 0.5972
z 0.0760 0.0790
MATCH VARIRBLES (NC=6)
MPP MPE VALUE
20 -57.10139

1
5.000 mn ¥ 50.000 wrad % %g g%gégzg 5.000 mo ¥ 50.000 wrad
I 1 30 ge.e3e1 .

% A= 1.63000E-0F E= 7.58900E-02 12 0.28842 7 L= 7.60295E-02 | B= 7.90400E-02
| ) 1 18 0045467 P

i \ ! |
! | CODE: Trace 3-D w69LY !
\ FILE: matching linel.t3d '
|
|

DATE: 12/03/2013 | !
§15:55:05

i
|
T
|

4
| ! ( !
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1 / \

. h |
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Fig. 4.19: Beam trajectory and phase space plotmé&iching section between DTL
and CCDTL.
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The evolution of the beam profile upto 100 MeV lwwn in Fig.4.20 and the
beam dynamics parameters are summarized in Tabld-#y. 4.21. shows the beam
profile in the transverse phase space, the trassvepordinate space and the
longitudinal phase space at the end of the CCDTL.

Table 4.6. beam dynamics parameters of the CCDTL.

Parameter Value

Energy Range (MeV) 40.12-100.25
Frequency (MHz) 704.42
Current (mA) 28.8

Focusing lattice FODO

Lattice period 5BA
Quadrupole gradient (T/m) 39.8-18.03
Eff. length of quad. (cm) 8.0

No. of quadrupoles 186
Synchronous phase (deg) -30

Avg. acc. Gradient (MV/m) 1.04-2.5
Aperture radius (cm) 1.2

Total length (m) 69.5

Total RF Power (MW) 4.65

Norm. rms trans. Emitt( X 0.0231 - 0.0233
cm-mrad) y 0.0236 -0.0242
Long. Emitt. (deg-MeV) 0.115-0.236
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4.4.5 Superconducting Linac

At higher energies (> 100 MeV for protons), mostrmal conducting
structures are less efficient. At these energhes space charge forces are not as high
as in the lower energy range and the demand onsifoguis reduced. Hence,
superconducting multicell elliptical cavities arepeeferred choice at these energies.
Superconducting cavities offer various advantages eaormal conducting cavities.
The advantages of using superconducting cavitee$7dy:

* In normal conducting linac a huge amount of powetteposited in the copper
structure, in the form of heat, that needs to Imeoreed by water cooling (in
order not to melt the structures). The limiwmbling capabilities in norma
conducting cavities reduce the accelerating etetigid gradient limit for high
duty-cycle beams. Thus, superconducting structoféer the possibility to
accelerate CW beams with high accelerating graslient

* The rf power dissipated in the cavities in a nore@bducting cavity can be
much higher than the power transferred into therbfa acceleration whereas
in superconducting cavities, the power lossesenctvity are a negligible part
of the total RF power. Hence the efficiency of sepaducting cavities is very
high.

* As shunt impedance is not an issue in supercomductavities (it is already
high due to negligible power dissipation), therefdhese cavities are not
optimized for high shunt impedance and hence thenbaperture can be larger
offering larger aperture to beam radius ratio arahce there is lesser
probability of beam loss.

However now we need to operate at cryogenic tenyres and the cavities
must be housed inside cryostats where the temperestumaintained to 4 K or 2 K.
Hence superconductivity, at the expenses of higbemlexity, drastically reduces the
dissipated power and the cavities transfer the &kep to the beam more efficiently.
So, superconducting cavities are the best choicgh® CW accelerator for ADS

applications.
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4.4.5.1. Electromagnetic Design

Superconducting elliptical cavities at 704.42 MHe ased to accelerate the
beam from 100 MeV to 1 GeV. These cavities opeiratdhe TVb1o mode in thert
mode. The superconducting cavities are designguketiorm over a given velocity
range and are identified by a design velocity chtlee geometric velocity @ds. The
design approach takes advantage of the large weloacceptance of the
superconducting cavities. For a cavity with N ideadtcells, the transit time factor T

can be expressed as a product of two separatedacto

T= TGTs.

The gap factor &, which is also the transit-time factor for a saenghp of length g, RF

wavelength\, and particle-velocity, is given by the expression

Te=sin(r/BA)/(Tg/BA).

The synchronism factorslis a function of N and of the ratio of the localacity 3 to
the cavity geometric velocity,

2L
A

where L is the cell length.

Pe

The synchronism factor is given by:

N-1

Ts= | (1) 2 CogN7B, /28)/ NCogrB, 125), N odd

—l)%ﬂSir(szBG 128)I NCos73, 12/3), N even

In order to choose the number of cells per caatgompromise must be made

between many competing effectsIPERFISHIS used to compute the gap facterahd
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the synchronism factorglis computed from the above expression for varyiogof
cells/cavity. The results are plotted in the Fig4. As can be seen in the figure a
small number of cells/cavity provides a large valpacceptance. On the other hand,
using a larger number of cells/cavity has the athga of reducing the overall
number of system components, system size, andnsysimplexity. As a compromise

between the two, in our design, we have chosetigaavity.
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Fig 4.22: Variation of TTF with energy for differeno. of cells/cavity.

Once the no. of cells/cavity has been chosenpgwalues for the cavities, the
number of constarfig sections and the beam velocity limits for eachisadbave to
be determined. As can be seen from Fig.4.22. rdmsit-time factor decreases as the
reference-particle velocitp deviates fromBg of the cavity Bmin and Bmax for each
section are determined by percentage decreasansitttime factor, that it is allowed
to fall at the ends of each section from its maximwalue for a given cavity of N
cells. In our design, the transit time factor i$ albowed to fall more than 75 % of its
maximum value. The entire energy range from 100 NtV GeV is then divided into
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3 sections, corresponding fBg = 0.49,8c = 0.62 and3s = 0.8, each using different

cavity geometry in that energy range as can be fseanFig.4.23.
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Fig.4.23: Variation of the TTF of the designedplt cavities with energy.

4.4.5.2 Cavity design

The program ELLFISH in the POISSON SUPERFISH codsridution is
used to design the cavity shape. ELLFISH sets egéometry for so-called elliptical
cavities, which are often used in superconductpgjieations. These cavities feature
an elliptical segment near the bore radius as showing.4.24. The elliptical cavity is
a figure of revolution about the beam axis. ELLFI&ides the cell by adjusting either
the cavity diameter, outer radius of curvaturether angle that the straight side of the

cavity makes with the vertical.
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Fig.4.24. Geometry of the elliptic cavity.

An elliptical cavity design [72, 73] is a compromisetween various
geometric parameters. The main advantage of ugipgreonducting cavity is a
possibility of high accelerating electric field drant i. How large an Ecan be
chosen depends on the maximum surface fields Hrabe maintained in the cavity.
There are 2 characteristics, peak surface magfietat B, and the peak surface
electric field E, which limit in principle an achievable value of.EThe area of
maximum magnetic field occurs at the equator ammlishnot exceed ¥, which is
the critical magnetic field to prevent quenchingtloé superconducting cavities. The
theoretical limit of H" for niobium is 190 mT. However in practice we toylimit Bp

to 60 mT. E occurs near the Iris of the cavity and also hataitelimit given by the
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field emission threshold. The regions of peak mé&gnand electric fields in an

elliptical cavity are shown in Fig. 4.25.

Be

Fig. 4.25: Regions of peak surface magnetic field @lectric field in an

elliptical cavity.
To maximize the accelerating field it is importémiminimize E/Ey and B/Ey.
The criterions for the elliptical superconductoayity design are:

e <25

0

% < 45mT/(MV/m)

0

B, <60mT

E, < 275MV/m
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With these design criterions the various parametketise elliptical cavity cell that

need to be optimized are

1. Dome B, the vertical semi-axis of dome ellipse (whichoalé to reduce the
capacitive volume in favor of the magnetic volunmel aiceversa, in order to
balance the peak surface magnetic and electritsfi@h the cavity walls),

2. Dome A/B, the dome ellipse aspect ratio (vertical axis dbéd by the
horizontal axis, allows to find a local minimum fitre peak surface magnetic
field),

3. Wall anglea,, (which influences the mechanical behavior of theity and
controls its inductive volume)

4. Iris A/B, the iris ellipse aspect ratio (which allows tadfia local minimum for
the peak surface electric field).

5. Equator FlaFe

6. Ry, the bore radius.

A last geometrical parametdd, the distance between the equator and iris ellipse
centers, is used as the free variable for tunirmgdwity to the desired frequency,
leaving all the other parameters unaltered.

The design criteria are met by limiting the spatiatrage of the axial accelerating
field Eo to 11 MV/m in the first set of supercontdng cavities designed fd3¢ =
0.49 and to 15 MV/m in the second and third setsgperconducting cavities
designed fofg = 0.62 and 0.8. The parameters of the designetyae summarized
in Table.4.7. and Fig.4.26. shows the electricdfigtofile in the 5 cell elliptic cavity
for Bc= 0.49.
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Table 4.7. Parameters of the SC cauvity.

Par ameter [Bg=049 [pg=062 [pg=038
Dome B (cm) 2.4 1.7 2

Dome A/B 0.85 2.0 2.4
\Wall Angle (deg) 6 7 7
Equator Flat (cm) 1.5 1.2 1.2

Iris A/B 0.8 0.6 0.6
Diameter (cm) 36.707 35.938 35.485
Ep (MV/m) 33.99 26.95 22.04
Bp (MT) 68.10 54.56 47.98
Er/Eop 2.27 1.80 1.47
Be/Eo (MT/(MV/m)) 4.54 3.64 3.20
RQ Q) 137.828  [179.429  [214.755
Q 0.92 x 18° [1.20 x 16° [1.44 x 18°

Fig.4.26: Electric field profile in the 5 cell gilic cavity forf3c= 0.49.

4.4.5.3 Beam Dynamics design

The beam dynamics was done using PARMILA code.tfdesverse focusing
is achieved by using room temperature electromagrspiadrupole doublets in
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between the cryomodules containing the supercomduaavities. The focussing
doublets are placed after every 2 cavities in ih& Bection, which will have 16
cryostats, after every 3 cavities in the secondi@edaving 15 cryostats and after
every 4 cavities in the second section having lybstats. To obtain a current
independent match between the normal conductirag land superconducting linac,
which has a weaker focusing; the quadrupole gréslienthe CCDTL are gradually
reduced with energy. Transverse matching is domguke last 2 quadrupoles in the
CCDTL and the first 2 qaudrupoles in the supercaetidg linac. Transverse matching
between two superconducting sections was done liyngamall adjustments to the
guadrupole gradients at the transition betweenstwions. Longitudinal matching
was achieved by adjusting the synchronous phasethe superconducting cavities to
maintain constant longitudinal phase advance pérlength on both sections and
maintaining a constant energy gain in each cavityis was done by keeping
(AWtang/L) constant on both sides of the transition, whé is the energy gain per
cryomodule and L is the length of the focusing @eri The beam dynamics
parameters of the SC linac are shown in Table#h8.beam profile through the linac
is shown in Fig. 4.27 and the beam profile in th@ensverse phase spaces, the
transverse coordinate space and the longitudinaselspace is shown in Fig. 4.28.
The variation of emittance with beam energy is tplbtin Fig. 4.29 and Fig. 4.30
shows the variation of beam size with energy. By®ut of the cryomodules for the
three beta sections is shown in Fig. 4.31. It cansken that the aperture is
10-12 times the rms beam size in the normal comuyclinac, while in the
superconducting linac where the risk due to adtwais more; it is more than

16 times the rms beam size.
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Table 4.8. Parameters of the superconducting linac

Parameter Bc=0.49 Bc=0.62 Bc=0.38
434.88-
Energy Range (MeV) 100.25-191.62 191.62-434(88
1014.26

Frequency (MHz) 704.42 704.42 704.42
Current (mA) 28.8 28.8 28.8
Trans. focusing lattice| Doublet Doublet Doublet
Lattice period (cm) 308.13 607.9 793.41
Quad. gradient (T/m) 5.8-4.31 4.5 4.4
Eff. length of quad.

35 40 45
(cm)
Synchronous phase -30 -26.84 -26.48
Maxm. Acc. Grad.

11 15 15
(MV/m)
Cavities/cryomodule 2 3 4
No. of cryomodules 16 15 17
Aperture radius (cm) 4.0 4.0 4.0
RF Power (MW) 2.63 7.01 16.69
Total length (m) 49.3 91.19 134.88
Norm. rmstrans. | x | 0.0233 -0.0255| 0.0255-0.026 | 0.026-0.031
Emitt. (mcm-
mrad) y | 0.0242 -0.0245 | 0.0245-0.026 0.026-0.026
Long. Emitt. (deg- |

0.236 -0.248 0.248 -0.271 0.271-0.279
MeV)
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4.5 Summary and conclusions
A 1 GeV, 30 mA linac has been designed for thednd\DS programme and

its beam dynamics studies have been done. The Isamrmal conducting upto
100 MeV and superconducting from 100 MeV to 1 G#\onsists of an ECR ion
source, a RFQ which will accelerate the beam toe®¥ MDTL upto 40 MeV followed
by CCDTL to accelerate the beam to 100 MeV. Theaqgordoeam is then accelerated
to 1 GeV using superconducting 5 cell ellipticatitas. The total RF power required
in the linac is about 33.5 MW. The total lengthtloé designed accelerator is about
350 m and the overall transmission is about 96% 4% loss takes place in RFQ
during bunching of the beam which is not expectefddse any radiation problem. In
the high energy section superconducting cavitiesuged where the aperture to rms

beam size ratio is high to minimize the risk ofiaation due to any beam loss.
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CHAPTER 5

Design of Superconducting Structures at

Medium and High Energy

5.1 Introduction
One of the main sub-systems of ADS is a high gnérd GeV) and high

current (~30 mA) CW proton linac. In the past, @&gble configuration for the 1
GeV linac has been worked out using normal condgcstructures in the medium
energy section and detailed beam dynamics studies heen done [25]. This has
been described in chapter 4 of this thesis. Howewerecent times, in view of
advances in the superconducting technology and seuctures like the spoke
resonators being developed for use in the mediwrggrange, the DTL and CCDTL
structures used in this energy range are beincgacegl by these superconducting
structures. The accelerating gradients that haven bachieved with these SC
structures today are up to 18 MV/m [74] as compaoeithe accelerating gradients of
2-3 MV/m with NC structures at these energies. Whidsse gradients, overall shorter
length of the linac will be possible. Also, for C¥tructures, lot of RF power is
dissipated on the structures and removing thisphigsd heat is a major challenge in
normal conducting structures. This also leads tstage of lot of RF power which is
very expensive. Use of superconducting technolotdjymake the linac compact and
cost effective. With SC cavities, larger apertucas be used; hence probability of
beam loss also reduces. So for high current linagsrating in CW mode,
superconducting option seems to be the best. \Wébet advantages, various projects

are now considering superconducting cavities inrtfeglium energy range. For the
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Indian ADS programme also, it has now been planiwedo for superconducting

structures right after the RFQ. The proposed lagbthe linac is shown in Fig. 5.1.

5 cell elliptic
IS H RFQ {H HWR/SSRO|H{ SSR1 | SSR2 cavityp
2.5-3MeV B=0.11 B=0.22 p=0.4 gzc()) 86

Fig. 5.1: Proposed layout of the 1 GeV linac for&D

The medium energy section will consist of thrededént types of structures.
Immediately after the RFQ, to accelerate the beamround 10 MeV, two types of
TEM structures are being considered as optionsatmeleration of the beam: the
HWR at 162.5 MHz and the Single Spoke ResonatoR}%% 325 MHz. Both options
are being investigated in order to leave open thssipility of going to a lower
frequency in order to have a larger bore to miegheam halos. However, this
decision can be taken only after detailed beam mjcg investigations. The beam
from 10 MeV will be accelerated by two families sihgle spoke resonators, the
SSR1 af3g = 0.22 to accelerate the beam to about 35 MeVSBHE2 af3c= 0.4 to
about 150 MeV, both operating at 325 MHz. This bearthen accelerated tol GeV
using multicell elliptical cavities [75].

5.2 Low and medium ener gy superconducting cavities

At low energies, the velocity of the particles tsanging continuously as it
gains energy in the linac. In order to maintainckyonism between the RF field and
the beam particles for energy gain, the cell lertdb to keep increasing with the
velocity of the particles. Normal conducting caestilike DTL, CCDTL, SDTL etc are

designed with increasing cell lengths to maintais synchronism. Another possible
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configuration is that the distance between caviise$ixed, and the phase of each
cavity is individually adjusted to take into accotine increase in beam velocity. In
this case, each cavity has to be driven by an iddal RF amplifier and phase and
amplitudes of each cavity can be set independenhtiys scheme has the advantage of
flexible linac operation, but has the drawback dfigh cost. Having individual RF
amplifiers or multiple splitting schemes from agismamplifier can be expensive, as
can completely separated single-gap cavities. Epereonducting structures, shunt
impedance and power dissipation are not a coneewh,the much lower RF power
required allows using simpler and relatively inexgige amplifiers. This type of
configuration is therefore preferred for most sepaducting linac applications at low
energy, up to some 100-150 MeV, where more opetitexibility is required and
where the short cavity lengths allow having moreuBing per unit length, as is
required at low energy. The transit time factomaafavity with few cells has a broad
velocity acceptance, and if each cavity is excligdts own RF generator, each cavity
phase can be adjusted independently to maximizeaticeleration of the injected
beams.

The superconducting cavities used at low and medinergies are generally
TEM coaxial type structures, such as quarter wankhalf wave resonators loaded at
the end by a drift tube. Typically, a single ineenductor loaded by a drift tube at the
end is contained within the cylindrical cavity amdjives two accelerating gaps with
opposite polarity. The spacing between the gapregms maintained g&A/2, where
Bsis the velocity of the synchronous particle thavéls between the two gap centres
in half a RF period, anll is the RF wavelength. The loading element is eitharter
wavelength or half wavelength long and the maxinelectric field occurs ak/4 in
both the cases. The first type of structure isecathe quarter wave resonator and is
shown in Fig. 5.2. (a). The second type of strctarcalled the half wave resonator
and is shown in Fig. 5.2. (b).
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Fig.5.2: (a).Quarter wave resonator and (b). Halv@resonator.

Another superconducting resonator that has beamtigqroposed for several
proton beam applications requiring operation in @\Wde or at a large duty cycle is
the spoke resonator. The main advantages of spskaator over other structures are
the compact dimensions and the relative insentsittei mechanical vibrations. While
in the half wave resonator the inner spoke condustalong the axis of the cavity, in
the spoke resonator, it is perpendicular to it. siAgle spoke resonator is a 2-gap
resonator. However it is more economical to havecsires with more number of
gaps. This can be done by having more than onleespathe same resonator. These
are known as multi spoke resonators. The adjagerkes in a multi spoke resonator
are oriented perpendicular to each other [76]. IBingouble and triple spoke
resonators are shown in Fig. 5.3.
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Fig. 5.3: Single, double and triple spoke resorsator

Quarter wave resonators are favorable for operatolow energy and low
frequency typically < ~ 160 MHz. Higher frequenc@®sent an unfavorable aspect
ratio that introduces intolerable beam steeringhifrequency range 160-350 MHz,
the coaxial HWR are very well suited. Their higimsgetry and short physical length
make them steering-free and mechanically stable.HWR however has lower shunt
impedance as compared to the QWR and the spokeatess. For the same velocity
and frequency range, the single spoke structur®)&Sa competitive candidate. The
main difference between Coaxial and Spoke HWR eéssymmetry axis of the outer
conductor. This is parallel to the beam axis in 8poke, leading to a larger cavity
volume leading to higher shunt impedance. In a kmacthine, intended to operate at
4 K, this difference in shunt impedance has a fmgact on the power dissipation and
thus the cooling requirements.
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5.3 Cavity design studies

5.3.1 Design criterion

The design of a low and mediunsuperconducting structure is a tradeoff
between several factors. A lower value of operafirgguency has to be chosen
inorder to keep the cell lengths reasonable at émergy. The choice of a low
frequency increases the voltage gain per cellptaan energy acceptance, and beam
quality, while decreasing rf losses and beam lod€3eta low rf frequency increases
structure size and microphonics [77] level, makihgontrol more challenging [78].
Having a larger number of cells per cavity can digher voltage gain per structure,
but the velocity acceptance is narrower. Severaickire geometries are therefore
needed, each of which is optimized for a particwigliocity range. Also, lower the
velocity of the charged particle under acceleratibe faster it will change, and the
narrower the velocity range of a particular acalag structure. This implies that the
smaller thef3 of a cavity, the smaller the number of cavitieghadt 3 which can be
used in the accelerator. Also, failure of a IBveavity to achieve its design gradient
means that the particle will not be captured byftilewing accelerating section. As a
consequence of their small number, and importahegelieving their design gradient,
medium§ cavities need to be designed and operated mosepgatively than higis-
cavities. As[3 increases structures can be designed more agggssvith the
expectation of achieving the design gradient omaaye

The design of superconducting cavities involvesinogation of several
parameters. The main parameters are frequencyatopggtemperature, energy gain,
transit time factor, peak magnetic and electritcdée geometric beta, stored energy,
accelerating gradient, geometry factor and multipgc Some parameters are
discussed below.
Frequency and operating temperature

The surface resistance that determines the RFdosgte cavity depends on

the operating frequency. The surface resistanca foobium cavity is given by [79]
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R(Q) =907 %eﬂ% +R,, (5.1)

Where,a = 1.92, T = Critical temperature which is 9.2 K for Nb,&= Residual
resistance which is determined by imperfectionghia surface. Typical values of
residual resistance are of the order of 10-@0) lout in several experiments values as
low as 1-2 @ have been reached. The first term in equationsitie BCS resistance.
Variation of BCS resistance with temperature foollum at different frequencies is
plotted in Fig. 5.4. It can be seen that, at lofsegquencies, cavities can be operated at
higher temperatures. Thus for structures like HWR spoke resonators that operate
in the frequency range 150 MHz to 350 MHz, can perated at 4 K is possible
which simplifies the cryogenic design while for mcell elliptical cavities that
operate at higher frequencies, the operating tesyeris 2 K.
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Fig. 5.4: Variation of BCS resistance of Nb witimggerature for different frequencies.

Transit timefactor and geometric beta

Unlike normal conducting structures that are vagyimeta structures, the
superconducting cavities are designed to perforer avgiven velocity range. Each
cavity is identified by a design velocity callectheometric velocity d8cand is used
to accelerate particles over a range of beta vahesr g, This is because

superconducting cavities have a large velocity piacee. The velocity acceptance is
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defined in terms of the transit time factor T [7Bhe particles with velocity equal to
Bchave the maximum value of T. Particles with velpt#iss than or greater th@ig
have smaller values of T. The velocity acceptasagefined as the velocity rang@
aroundf¢ for which the transit time factor falls to N timdege maximum value of T,
where N can range from 0.6 to 0.7. Thus differéntcsures corresponding to a value
of Bg are needed for acceleration of particles in différenergy ranges. The velocity
acceptance of cavities is smaller at lower velesitiAlso, as the number of cells per

cavity increases, the velocity acceptance of tivécdecreases.

Peak surfacefields

Another parameter to be optimized is the peak sarflectric and magnetic
fields. A high value of peak surface electric fiedduses breakdown due to field
emission while a high value of peak surface magr@tid can cause breakdown of
superconductivity if Hp > Ef, where H"is the critical value of rf field at which
quenching occurs. The ratio of the peak fieldsh® &ccelerating field, &=, and
By/Eg have to be minimized. The criterions for cavitgide are:

For high beta cavities,

E
Ee ¢ 05 % < 45mT/(MV/m)

0 0

For low beta cavities,

Er 46 % <6-20mT/(MV/m)

0 0
With these design criterion, the designs of a 162-& HWR for3c = 0.11, a
325 MHz SSRO fo3c = 0.11 and 650 MHz elliptic cavities (bofit = 0.6 and

Bc = 0.8) were done.
5.3.2 Half wave resonator at 162.5 MHz

The HWR [80] was designed in CST MWS and optimizedresonate at
162.5 MHz while keeping the peak surface electrid anagnetic fields within the
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limits. Fig. 5.5 shows the electric field linestre HWR designed in CST MWS and

the some of the parameters and results are sunedanzable 5.1.
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Fig. 5.5: Electric field lines in the HWR designedCST MWS.
The peak surface magnetic field occurs at the agerductor’'s surface encircling the
spoke while the peak surface electric field appeaes the aperture.
Table. 5.1. Design parameters of HWR.

Parameters Value
Beta 0.11
Frequency (MHz) 162.5
Eoi/Eo 5.15
Bo/Eo (MT/(MV/m)) 6.44
Height (H) (mm) 860
Spoke radius (mm) 80
Aperture radius (mm) 33
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5.3.3 Single-Spoke Cavitiesat 325 MHz

A single-spoke resonator [81] SSHI}E 0.11) has been designed as an alternative to
the HWR to accelerate the beam after the RFQ. B 8as designed in CST MWS
and optimized to resonate at 325 MHz while keeph® peak surface electric and
magnetic fields within the limits. Fig. 5.6 showsetelectric field lines in the SSR

designed in CST MWS and the some of the paramatetsesults are summarized in

Table 5.2.
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Fig. 5.6: Electric field lines in the SSRO designme ST MWS.
Table 5.2. Design parameters of SSRO.

Parameters Value
Beta 0.11
Frequency (MHz) 325
Epk/Eo 5.78
Bo/Eo 6.53
Height (H) (mm) 399.4
Spoke radius (mm) 45
Aperture radius (mm) 15

130



For theSSRO, the peak surface magnetic field oconrthe spoke while the
peak surface electric field appears near the agmertu

The SSRO will accelerate the beam from the RFQrooirad 10 MeV. It is
planned to further accelerate the beam to arour@®@ MBV by using 2 different
families of single-spoke resonators — SSR1 and SSR& design optimization of

these cavities is in progress.

5.3.4 Elliptic Cavitiesat 650 MHz

Multi-cell elliptic cavities [72] operating in th&Mg;0 mode will be used to
accelerate the beam at higher energies (~150 MeV GeV). Elliptical cavities
corresponding tfc = 0.6 and3s = 0.8 were designed using SUPERFISH. The design
criterion was to minimize the peak surface elecnd magnetic fields and keep the
ratios Ei/Eo<2.5 and Bi/Eo<4.5 mT/(MV/m). The main design parameters are show
in Table 5.3 and the electric field lines in thdiptical cavities as designed in
SUPERFISH is shown in Fig. 5.7.

Fig. 5.7: Electric field lines in the elliptical @&y designed in SUPERFISH.
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Table 5.3. Parameters of the elliptical cavitiesffe= 0.6 and3¢ = 0.8.

Parameters Bc=0.6 Bc=0.38
No. of Cells 5 5
Frequency (MHz) 650 650

Diameter (cm) 39.34 38.54
Dome B (cm) 2 2
Dome A/B (cm) 1.9 2.4

Wall Angle (deg) 8 7
Iris a/b (cm) 0.8 0.6
Bore Radius (cm) 4.0 4.0
Equator Flat (cm) 0.5 1.2
Acc.gradient (MV/m) 15 15
Eo/Eo 1.89 1.45
Boi/Eo 3.57 3.29
RQ 175.2 205.03

Figs. 5.8. (a) and (b) show the transit time facioves for the two types of
cavities for 3, 5 and 7 cells per cavity. It candeen that the velocity acceptance is
higher for lower number of cells per cavity. On titeer hand, using a larger number
of cells per cavity has the advantage of reducimg @verall number of system
components, system size, and system complexity &ureful compromise has to be
made between the two.

For the elliptical cavity, the peak surface magnéeld occurs on the surface
of the dome ellipse while the peak surface eledieid appears on the surface of the
equator ellipse near the aperture. Preliminary 3Dukations of the single cell
elliptical cavity forBs = 0.6 have been also done. Fig. 5.9 shows thérieldeld
lines in the single cell elliptical cavity designeding CST MWS. Electric field lines
in the elliptical cavity designed in CST MWS is shoin Fig. 5.9.

133



Fig. 5.9: Electric field lines in the elliptical wéy designed in CST MWS.

5.4 Summary and Conclusions

The 1 GeV linac for the Indian ADS programme witbnsist of
superconducting structures after the RFQ. Preliminaptimizations of the
electromagnetic design of the different types opesaonducting cavities like the
HWR, SSR and elliptical cavities have been dongebthe resonant frequency and
minimize the peak surface fields. Further detadedlies are in progress.

At intermediate energies, from 10 MeV to around M€V, spoke resonators are
proposed — the SSR1 to accelerate the beam tocaBfuMeV followed by the SSR2
which will accelerate the beam to around 150 Mebdt. the higher energy section, it
is planned to use two types of 5-cell ellipticaViti@s corresponding tBc = 0.6 and
Bc = 0.8. The results of electromagnetic design satmms of 162.5 MHz HWR and
the 325 MHz SSRO fofs = 0.11, and the 650 MHz elliptic cavities (bqdg = 0.6

andfg = 0.8) are presented.
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CHAPTER 6

Summary and scope of future work

6.1 Summary
The work in this thesis comprises of design andettgpment of LEBT

systems and design studies of high current, higinggrlinacs.

A two solenoid based magnetic LEBT has been dedigoe LEHIPA. The
main design criterion was to match the beam froeitin source to the RFQ with
minimum emittance growth and beam loss. For thisildel beam dynamics studies
were done to study the beam transport in the LEBTe beam to be transported
through the LEBT is a low energy, high current bedhe space charge forces due to
Coulombic repulsion between the particles in thanbeare very strong for such a
beam and causes increase in beam size and emsttdina@s found from simulations
that space charge compensation decreases the bEaassvell as emittance growth
in the LEBT. Hence space charge compensation wilised in the LEBT. The LEBT
is 3.28 long and its functions include beam focgsand steering at the RFQ match
point, dc beam current diagnosis and beam profiEsasarement through CCD
monitors. The LEBT will also have a water-cooledliotator and an electron trap at
the RFQ entrance. Design of LEBT components like $olenoids, steerers and
electron trap has also been done.

A 400 keV, 1 mA deuteron RFQ based linac has baeh at BARC. It
consists of a rf ion source, a 400 keV RFQ fdrli@ams and a low energy beam
transport (LEBT) line to match the beam from the smurce to the RFQ. The LEBT
for this system was designed using 2 solenoidg$dousing the beam. Based on the
simulations, a LEBT test bench was setup at VaG@aff to validate the simulations

and focusing of the solenoids that were designeadl fabricated. Experiments to
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measure the beam emittance and transmission irirteewere done. The beam
emittance measurement of Helium, Deuteron and prbe&ams was done using the
solenoid scan and the slit wire method. The enu#awalues are well within the
acceptance value for the RFQ.

A 1 GeV, 30 mA linac has been designed for thednd\DS programme and
its beam dynamics studies have been done. The iBnagrmal conducting upto 100
MeV and superconducting from 100 MeV to 1 GeV.dhsists of an ECR ion source,
a RFQ which will accelerate the beam to 3 MeV, Ddpto 40 MeV followed by
CCDTL to accelerate the beam to 100 MeV. The prdieam is then accelerated to
1 GeV using superconducting 5 cell elliptical cegt The total RF power required in
the linac is about 33.5 MW. The total length of tthesigned accelerator is about
350 m and the overall transmission is about 96% 4% loss takes place in RFQ
during bunching of the beam which is not expectefddse any radiation problem. In
the high energy section superconducting cavitiesused where the aperture to rms
beam size ratio is high to minimize the risk ofieation due to any beam loss.

In view of good progress in the field of supercoctthg cavities in the low
and medium energy range and development of newctstas like the
superconducting spoke resonators that are suifablacceleration of high current
CW beams, it is proposed to go for supercondudingctures right after the RFQ.
The cavity design of a HWR at 162.5 MHz and sirgpeke resonator at 325 MHz,
both for B¢ = 0.11 has also been reported in this thesis. désgn of elliptical

cavities at 650 MHz fops = 0.6 and3g = 0.8 has also been discussed.

6.2 Scope of futurework

The LEHIPA LEBT has been designed as reportedigtkiesis. Based on this
design, the various components have been fabricatexinext step is to assemble the
LEBT with the ion source and validate the simulasioAlso, the measurements will
provide good insight to the phenomena of spacegehaompensation which cannot

be completely understood be simulations alone. dtitb experiments to study this
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effect in the LEBT with different types of gasesdéferent gas pressure in the beam
line have to done.

Design of high intensity linacs is a vast area e is scope for lot of work
in this field: from design optimization of acceleng structures to understanding the
non linear effects due to space charge to imprbeebeam dynamics design. The
beam dynamics reported in this thesis is with nbrepaducting structures like DTL
and CCDTL in the medium energy range. But now ewbf the plan to go ahead
with superconducting structures right after the RE@tailed cavity dynamics and
beam dynamics studies with these structures neelks done. Another area where lot
of work is required is understanding the formatmnbeam halos and eliminating
them in high intensity linacs.

One of the most crucial issues in designing higheru, high intensity proton
accelerators is minimizing beam loss. Beam losaulshbe limited to less than
1 watt/m in the linac to be able to allow handsnmaintenance of the machine. Beam
loss can cause more severe effects in the higlggmnegion where it gives rise to both
shielding issues and activation of the acceleratmmponents. Beam loss
measurements at SNS and LANSCE suggest that eaetoss level of 1 watt/m (the
SNS linac specification) hands-on maintenance il pgissible with limited access
time and strict administrative controls; howeveisiadvantageous to keep the losses
as low as possible. The goal should be on the aferl watt/m, where unrestricted
hands-on maintenance and quick access will le&tgteer machine availability [65].

Beam halos [82] are identified as one of the domtit@ss mechanisms in high
intensity proton linacs. Beam halos are a smaltitiva of the particles surrounding
the dense beam core which can eventually resubteam loss. Typically, the halo
particles are considered as those that lie outdidephase space boundary of an
ellipse with the same shape as the rms emittandeaararea of about 8 to 10 times
the rms emittance.

Although the exact mechanism for halo formatiomad clearly understood,
the main cause of beam-halo formation in high isitgrproton-linac beams has been

identified as arising from the space-charge fotbas act in mismatched beams [83].
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Some of the mechanisms that can result in the fitomaf halos in high intensity
proton linacs are [84]:

1. The parametric 2:1 resonances - this results frowa ¢oupling of the
mismatched beam core to the movements of singleclesr This is the most
important halo mechanism in high intensity linacs.

2. Envelope lattice resonances - these occur betweebdam envelopes and the
elements of a periodic focusing structure. They cause rapid rms emittance
growth and halo formation but can be easily avoibgdkeeping the zero
current phase advance per period in all the thisgep below 90

3. Intra-beam scattering Intra-beam scattering - ity be of importance in the
LEBT section, where gas is introduced in the beape for space charge
compensation. In the high energy section of thaclinvhere the vacuum in the
beam pipes is much better than in the LEBT, thectfbf the intra beam

scattering on halo formation seems to be negligitig.

Beam loss can be prevented by careful beam dynastudges preventing the
halo formation in the beam. Although all emittangeowth is not necessarily
associated with the generation of a halo, halo &bion is always accompanied by
emittance growth [86]Understanding of emittance growth and halo fornmates a
result of many effects combined together, requnesistic computer simulations
involving detailed beam dynamics studies with langenber of particles. These can
be done with the help of modern multi particle codike IMPACT, TRACK and
TRACEWIN which, in their parallelized versions daandle upto 1Dparticles and do

these calculations in reasonable time frames.
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